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Introduction
The Standard Model (SM) is the theory representing our best current understanding of el-
ementary particles and fundamental forces. Since its development, in the 1960’s and 70’s
[1, 2, 3], the Standard Model has successfully explained a large part of experimental results
and precisely predicted a wide variety of phenomena. However, there are still open questions
remaining, such as the nature of the dark matter and dark energy, neutrino oscillations and
more. In the Standard Model theory the Brout-Englert-Higgs mechanism [4, 5, 6, 7] explains
the electroweak symmetry breaking and allows electroweak gauge bosons to acquire mass.
The mechanism predicts the existence of a Higgs scalar boson, and its observation was one
of the main goals of the LHC physics program. The Higgs boson has been searched for many
years and ever since by several experiments. Only on 4 July 2012, the ATLAS and CMS exper-
iments at CERN’s Large Hadron Collider (LHC) announced the observation of a new particle
in the mass region around 125 GeV 1, consistent with the Higgs boson [8, 9, 10].
The study performed in this thesis has been performed with the data collected with the CMS
detector, one of the experiments taking place at CERN’s LHC. Proton-proton collisions are the
main operation mode. The LHC operated at 3.5 TeV per beam in 2010 and 2011 and at 4 TeV
in 2012. After the end of the 2010-2013 run, which is called the Run 1 running period, the
LHC went into shutdown for upgrades to increase proton beam energy to 6.5 TeV. Commis-
sioning of the equipment with beam began in April 2015, marking the beginning of the Run
2 period.
In this thesis work, results are produced both with data sample comprising 19.8 fb−1 of
proton-proton collisions at
p
s = 8 TeV collected during the 2012 running period and also,
for the preparation of Run 2 data-taking, with Monte Carlo simulation at
p
s = 13 TeV.
After the Higgs boson discovery, the main goal is now to precisely measure and study the
properties of the recently discovered particle and to compare them with the ones expected
for the Higgs boson. One of the most interesting aspects to analyze is the coupling between
the particle and the fermions and, in the SM theory, the most probable decay of the Higgs
boson of mH = 125 GeV is in a pair of b-quarks. This process is particularly difficult to be
observed at the LHC in the inclusive production (dominated by GluonFusion) since the QCD
background is overwhelming. It is therefore searched in other production channels: Vector Bo-
son Fusion (VBF), Associated Vector Boson Production (VH) and Associated Top-Pair Production
(ttH), where the Higgs boson is produced in association with other particles, resulting in a
more peculiar signal topology. In this thesis work, the VBF production channel is considered,
both on the updated analysis for Run 1 data at 8 TeV [11] (preliminary results have been
already produced [12]), and on the preparation for the Run 2 data taking at 13 TeV. Despite
the VBF H(bb¯) channel is particularly challenging because of the huge QCD background, it is
very interesting since it involves compelling production and decay modes. It finally brings a
relevant contribution to the CMS measurement of the Higgs boson coupling to bottom quarks
1In this thesis work natural units are used, with ~ = h/2pi = 6.58211889(26) · 10−22 MeVs and c =
299792458 ms−1.
6and to the VBF production strength.
The most important ingredient of this analysis is the invariant mass between the two b-tagged
jets, since it has a large discriminating power between signal and background. In order
to maximize this discrimination, a jet transverse momentum regression technique has been
specifically developed. This tool provides a corrective factor to the b-jet pT, resulting in a bet-
ter resolution of the invariant mass between the two b-jets. The first part of my thesis work
is focused on this technique. Using events characterized by the decay of the Z boson in two
electrons or muons and with one or two b-tagged jets and comparing the pT-balance between
the leptons and the jets before and after the b-jet energy regression I indeed validated this
technique.
Subsequently, I shifted my interest on the trigger optimization looking forward to the LHC
Run 2. The CMS trigger system is composed by an hardware level trigger, the so-called Level
1, and one at software level, which is the High Level Trigger. In this thesis work both for
Level 1 and High Level Trigger have been studied. Thus, dedicated trigger paths have been
specifically designed, optimized and commissioned for the VBF Hqq → bbqq signal search.
Concerning the Level 1 trigger, I focused on the search for optimized variables and relative
thresholds, in order to maximize the number of interesting events selected online with a given
allowed bandwidth. For the High Level Trigger, in addition to the optimization of the thresh-
olds to use, I also implemented a new sorting algorithm useful to identify on-line the final
state VBF-tagging jets and b-jets, which is more efficient with respect to the one used during
the Run 1 analysis.
Next, in order to have a first look over the expected signal properties of the VBF H(bb¯) final
topology at 13 TeV, the transverse momentum and the pseudorapidity of the four final state
jets have been studied with simulated events. The obtained distributions have been compared
to the ones obtained at 8 TeV.
Finally, projections of the possible expected results and sensitivity of the VBF H(bb¯) analysis
at 13 TeV and for several integrated luminosity scenarios have been evaluated, assuming the
same shapes in the mbb¯ distribution and scaling signal and background yields according to the
expected Run 2 rates.
This work is essentially structured in three parts.
• The first part describes the theoretical and experimental basis of the analysis. In Chapter
1 a brief introduction to the theoretical framework is given. The Standard Model and
its essential features, as its particles content and the fundamental forces are described.
Furthermore, the Higgs physics, with a hint to the Higgs mechanism and to the most
important characteristics of the boson, is presented. Some previous results on the Higgs
search are listed as well. Chapter 2 is focused on the the LHC collider and on the CMS
experiment. The main characteristics of the collider are introduced; the detectors and
performances of the CMS experiments are described. In Chapter 3 the physics object re-
construction is introduced and the main algorithms used in order to identify the physics
objects used in this analysis are described.
• The second part focuses on the search for the Higgs boson in the bb¯ channel performed
with the data collected during Run 1 at 8 TeV with the CMS experiment. In Chapter
4 the main analysis concerning the search for the Higgs boson in the decay channel H
→ bb¯ are reported. A brief description of the analysis exploiting the associated top-pair
production channel and of the one using the associated production with a vector boson
are presented; the event selection and reconstruction, along with the signal properties
7for the VBF channel, are then revealed. Chapter 5 focuses on the validation on Z + jets
events of one among the optimized tools exploiting the VBF signal properties and used
in the VBF H(bb¯) analysis: the b-jet energy regression. Chapter 6, finally, presents the
fit on the mbb¯ invariant mass, which gives the final results for the VBF H(bb¯) analisys.
The main uncertainties are listed and all the obtained results are shown. In conclusion,
the overall results concerning the search for the Higgs decaying to bottom quarks and
obtained by combining the VH, VBF and ttH mode are revealed.
• The third and last part, looks forward to the preparation of the analysis for Run 2 at
13 TeV. Chapter 7 describes the efforts performed in order to implement and optimize
trigger paths dedicated to the VBF H→ bb¯ analysis. Initially the same approaches used
during Run 1 have been adopted again, after having optimized them to new expected
luminosity and energy scenarios. Then, in order to make the trigger more performing,
new algorithms were implemented. Chapter 8 is essentially structured in two parts. In
the former, the expected signal topology at 13 TeV is described, along with the kinemat-
ics of the jets in the VBF H(bb¯) final state. In the latter, projections over the expected
final results (95% Confidence Level Limit and significance) of the analysis at 13 TeV are
made, scaling the 8 TeV yields according to the cross sections at 13 TeV.
Part I
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1 Standard Model and Higgs physics
In this Chapter a brief introduction to the Standard Model (SM) theory is given and its inter-
actions and particles are described. More details on the Higgs physics are given, such as the
Higgs mechanism, its consequences and the processes related to the production and the decay
of the Higgs boson. Finally, an essential historical overview of the experimental Higgs boson
searches is given.
1.1 The Standard Model
The SM is a gauge field theory describing three of the four fundamental forces: strong inter-
actions, electromagnetic interactions and weak interactions. Gravity, which however does not
contribute significantly to the collider physics, is not included in the Standard Model descrip-
tion.
In the SM all fundamental interactions are derived from the requirement of local gauge in-
variance of the Lagrangian and the transformations belong to the gauge group
SU(3)C× SU(2)L× U(1)Y (1.1)
where SU(3)C is the non-abelian color group of the strong interaction and SU(2)L × U(1)Y is
the symmetry group of the electroweak theory. The underscript L is a reminder that SU(2)
acts on left-handed weak isospin doublets while Y is referred to the right-handed weak hy-
percharge singlets of U(1) [13].
A description of the particle content and of the fundamental forces is presented in the next
Sections.
1.1.1 Particle content
The Standard Model includes matter particles (quarks and leptons), force mediators (gauge
bosons) and the Higgs boson. Quarks and leptons are fermions (particles with spin 1
2
),
whereas the interaction carriers have spin 1.
Leptons There are 6 leptons (and their antiparticles), classified in 3 weak isospin doublets.
Leptons families are 
e
νe
 
µ
νµ
 
τ
ντ

(1.2)
Each pair is composed by a charged particle and its associated neutrino, with zero charge.
Because of this property, neutrinos only interact weakly, while the associated leptons interact
both weakly and electromagnetically. In Table 1.1 the main properties of the leptons are listed.
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Flavor Charge [e] Mass [GeV] Interaction
e −1 0.511 · 10−3 EM, Weak
νe 0 Weak
µ −1 105.6 · 10−3 EM, Weak
νµ 0 Weak
τ −1 1.776 EM, Weak
ντ 0 Weak
Table 1.1: Observed properties of the leptons of the Standard Model [14].
Quarks Quarks, as leptons, are divided in three weak isospin doublets. Quarks families are
u
d
 
c
s
 
t
b

(1.3)
These six types of quarks are called flavors. The first doublet is composed by the up and
down flavors, the second one comprises the charm and strange flavor and the last one top
and beauty. Quarks have fractional charge: the up element has charge +2
3
e whereas the
down element has charge −1
3
e, where e indicates the absolute value of the electron charge. In
addition to the electric charge, quarks also carry color charge allowing them to interact via the
strong interaction. Quarks are not present in nature as free particles, but exist only in bound
states called hadrons. They can be arranged in qq¯ pairs (in this case they are called mesons) or
can be baryons (which are constituted by a triplet qqq). In both cases the composite particle
is color-neutral. Quarks can interact weakly, electromagnetically and strongly. The properties
of quarks are given in Table 1.2.
Flavor Charge [e] Interaction
u +2/3 Strong, EM, Weak
d −1/3 Strong, EM, Weak
c +2/3 Strong, EM, Weak
s −1/3 Strong, EM, Weak
t +2/3 Strong, EM, Weak
b −1/3 Strong, EM, Weak
Table 1.2: Observed properties of the quarks of the Standard Model [14].
Gauge bosons Gauge bosons are the force carriers mediating the strong, weak and elec-
tromagnetic interactions. The electromagnetic mediator of the electromagnetic force is the
photon γ, which is massless and described by the theory of Quantum Electrodynamics (QED).
Weak interactions are mediated by the W± and Z0, while the strong interaction is mediated
by the gluon g. In Table 1.3 the main properties of gauge bosons are shown.
flavor Charge [e] Mass [GeV] Width [GeV] Interaction
γ 0 < 10−27 - EM
g 0 < 10−3 - Strong
W ±1 80.385± 0.015 2.085± 0.042 Weak, EM
Z 0 91.188± 0.002 2.495± 0.02 Weak
Table 1.3: Observed properties of the force careers of the Standard Model [14].
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1.1.2 Fundamental interactions
Electroweak theory The electroweak theory is the unified description of the electromag-
netic and the weak interactions and it has been first formulated by Glashow, Salam and Wein-
berg [1, 2, 3]. The electroweak sector of the Standard Model is a gauge theory based on
SU(2)L×U(1)Y group. It is a chiral theory, distinguishing between left and right handed com-
ponenents of fermions. The generators of the symmetry group are the weak isospin operators
T= 1
2
τ (where τ are the Pauli matrices), for the SU(2)L group and the hypercharge operator
Y for the U(1)Y group. The hypercharge Y is defined through the Gell-Mann formula
Y = 2(Q+ T3) (1.4)
where Q is the electromagnetic charge and T3 is the third component of the particle weak
isospin.
The electroweak Lagrangian [15] may be expressed as
LEW =− 14 F
a
µν F
µν
a −
1
4
GµνG
µν
+ iψ¯(γµDµ)ψ+ h.c.
+ψi yi jψ jφ + h.c.
+ |Dµφ|2− V (φ)
(1.5)
The first line in (1.5) is the kinetic term for the gauge sector of the electroweak theory, with
the index a = 1,2, 3 labeling the SU(2)L components. In the electroweak theory there are
four massless gauge fields, three associated with SU(2)L, which we call W1µ, W
2
µ and W
3
µ and
one field associated with U(1)Y, Bµ. Their respective field-strength tensors are
F aµν = ∂νW
a
µ + ∂µW
a
ν − gεabcW bµW cν for a=1, 2,3 (1.6)
Gµν = ∂νBµ− ∂µBν (1.7)
where g is the coupling constant of SU(2)L.
The second line in (1.5) contains the kinetic term of matter fields and the interactions between
the matter fields and the gauge fields. It is crucial to observe that no mass term for the Dirac
fields is present.
The third line is the Yukawa sector and describes the interactions between the matter fields ψ
and the scalar field φ.
The fourth line is the scalar sector. The first piece is the kinetic term for the scalar field φ and
the second term describes the effective potential V(φ).
The covariant derivative Dµ is given by
Dµ = ∂µ+
i g ′
2
BµY +
i g
2
τ ·Wµ (1.8)
where g ′ is the U(1) coupling constant, Y is the hypercharge operator and τ ≡ (τ1,τ2,τ3)
are the Pauli matrices.
Under the right conditions on the V(φ) potential the symmetry group will be spontaneously
broken, following the pattern
SU(2)L× U(1)Y→ U(1)EM (1.9)
This is the called Higgs mechanism [16].
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Quantum Chromodynamics Quantum Chromodynamics (QCD) is the theory studying the
strong interaction, fundamental force describing the interactions between quarks and glu-
ons. QCD is a non-abelian gauge theory based on the SU(3) symmetry group [17], whose
Lagrangian is
LQCD = ψ¯i(i(γµDµ)i j −mδi j)ψ j − 14 G
a
µνG
µν
a (1.10)
where ψi is the quark field with i color index. Dµ is the covariant derivative given by
Dµ = ∂µ+ i g
λa
2
A aµ (1.11)
where λa with a = 1, ..., 8 are the Gell-Mann matrices andA aµ are the gluon gauge fields. Gaµν
represents the the gauge invariant gluon field strength tensor given by
Gaµν = ∂µA aν − ∂νA aµ + g f abcA bµA cν (1.12)
with f abc structure constants of SU(3).
Quantum chromodynamics enjoys two peculiar properties: confinement and asymptotic free-
dom [18]. The first characteristic is the phenomenon that color charged particles cannot exist
as free particles, but only in colorless bound states. In particle accelerator collisions often
two quarks become separated and, at some point, it becomes more energetically favorable
for a new quark-antiquark pair to spontaneously appear than to extend further the gluon field
lines. As a consequence of this, instead of seeing the individual quarks, in high-energy collider
what it is possible to see is a clustering of many color-neutral particles called jet. This is the
hadronization process.
The asymptotic freedom is a phenomenon due to the asymptotic behavior of the strong cou-
pling constant. In the case of SU(3) and n f quark families, the running coupling constant is
described by
αs(|q2|) = 12pi(33− 2n f ) log(|q2|/Λ2QCD)
(1.13)
where ΛQCD is a typical QCD energy scale whose value is approximately 200 MeV. From (1.13)
it can be seen that αS becomes asymptotically weaker as energy increases and distance de-
creases, hence it is expected the quarks to not be confined at high energies.
1.2 Higgs physics
1.2.1 Higgs Mechanism
The Higgs mechanism was proposed by Brout, Englert and Higgs [4, 5, 6, 7] and has been
fully incorporated into the Standard Model by Glashow, Salam and Weinberg [1, 2, 3] in the
electroweak theory.
In general, it consists in the spontaneous symmetry breaking of a local symmetry. Compared
with the global case, where a Goldstone boson appears after the symmetry breaking, in the
local case this massless particle will disappear, transformed into the longitudinal component of
the gauge bosons, which acquires mass. In addition, considering also the Yukawa interaction
term, fermions acquire mass too.
In order to explain the Higgs mechanism, it is first introduced in the U(1) Abelian case and
the generalized to the electroweak non-Abelian model.
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Global U(1) model Consider a model described by the Lagrangian
L = (∂µφ(x))∗(∂ µφ(x))− V (φ(x)) (1.14)
where φ(x) is a complex scalar field that can be written as
φ(x) =
1p
2
[φ1(x) + iφ2(x)] φ
∗(x) = 1p
2
[φ1(x)− iφ2(x)] withφi ∈ R
(1.15)
and the potential V is
V (φ∗(x)φ(x)) = µ2φ∗(x)φ(x) + λ
4
(φ∗(x)φ(x))2 (1.16)
with λ > 0. The Lagrangian is invariant under the global U(1) symmetry
φ(x)→ φ′(x) = e−iαφ(x) (1.17)
where α is a phase angle.
Considering the case with µ2 > 0 the potential V has a unique minimum at φ = 0. Perturbing
around this vacuum reveals that, in this case, φ1 and φ2 have the same mass. The symmetry
of the original Lagrangian is explicit in this case. On the other hand, if µ2 < 0, the minimum
is not anymore unique and at φ = 0. A non-zero vacuum expectation value of the scalar field
is found with
(φ∗φ) = 2µ
2
λ
(1.18)
or, alternatively, when
φ21 +φ
2
2 =
4µ2
λ
≡ v2 (1.19)
where
v =
2|µ|p
λ
(1.20)
These results show that there is an infinite set of equivalent minima, distributed on a circum-
ference with radius v/
p
2. Furthermore, altough the origin φ1 = φ2 = 0 is a stationary point,
it is a maximum rather than a minimum.
(a) V(φ) when µ2 > 0. (b) V(φ) when µ2 < 0.
Figure 1.1: Potential V(φ).
In order to study the particle content of this theory, a field expansion around the true potential
minimum is needed. Since the minima are equivalent, it is possible to make the convenient
choice
φ(x) =
1p
2
e−iθ(x)/v(v+ h(x)) (1.21)
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where h(x) and θ(x) are two real fields representing the oscillations around the minima
respectively in the perpendicular and longitudinal directions. Substituting this equation into
the Lagrangian (1.14), it becomes
L = 1
2
∂µh(x)∂
µh(x)−µ2h2(x) + 1
2
∂µθ(x)∂
µθ(x) +
µ4
λ
. . . (1.22)
where the dots represent cubic and quartic interaction terms between the h(x) and θ(x)
fields and the terms µ
4
λ
is an unessential constant term. Equation (1.22) shows that after the
spontaneous symmetry breaking the particle spectrum is composed by a scalar massive field
h(x) with mass
p
2µ and by the Goldstone boson θ(x), which is massless, since there is not
mass term.
Local U(1) model In the local case, the transformation (1.17) becomes
φ(x)→ φ′(x) = e−iα(x)φ(x) (1.23)
and, in order to make invariant the Lagrangian (1.14), the standard derivatives are replaced
with the covariant ones and a pure gauge term is added, obtaining
L = (Dµφ(x))∗(Dµφ(x))− V (φ(x))− 14 Fµν F
µν (1.24)
with
Dµ = ∂µ+ iqAµ Fµν = ∂µAν − ∂µAν (1.25)
where Aµ is the gauge field transforming as
Aµ(x)→ Aµ(x) + 1q∂µα(x) (1.26)
The same procedure presented in the global case can now be used with the theory described by
the Lagrangian (1.24): if the potential (1.16) has µ2 < 0 there is an infinite set on equivalent
minima and the fields have to be expanded around one of them. With the same parametriza-
tion used in the global model (cfr. (1.21)), substituting it into the Lagrangian (1.24) the
quadratic sector is given by
L =−1
4
F
′
µν F
′µν +
1
2
q2v2A
′
µA
′µ+
1
2
∂µh∂
µh−µ2h2 (1.27)
where
A
′µ = Aµ− 1
vq
∂ µθ (1.28)
The θ(x) field is now called a would-be Goldstone boson: it is inglobated to the gauge field
A(x) creating a new field A
′
µ that has mass
p
2qv. This is the Higgs mechanism.
SU(2)L×U(1)Y model The spontaneous symmetry breaking mechanism is now extended
to the symmetry group SU(2)L × U(1)Y and just the local version of the model is studied.
Consider the Lagrangian
L = (∂µφ(x))∗(∂ µφ(x)) +µ2φ∗(x)φ(x)− λ4 (φ
∗(x)φ(x))2 (1.29)
which is, by construction, invariant under global SU(2) transformation
φ→ φ = e−iα·τ/2φ (1.30)
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but also under a separate global U(1) transformation
φ→ φ = e−iαφ (1.31)
Thus, in the local version, it is necessary to introduce three SU(2) gauge fields, which we call
Wµi (x) for i = 1, 2,3 and one U(1) gauge field B
µ(x). The scalar field φ is a SU(2) doublet
φ =

φ+
φ0

(1.32)
and the SU(2) covariant derivative acting on φ is given by
Dµ = ∂ µ+ i gτ ·W/2 (1.33)
Moreover, the U(1) gauge field must be added, written as i g
′
Bµ/2. The Lagrangian becomes
L = (Dµφ)∗(Dµφ) +µ2φ∗φ − λ4 (φ
∗φ)− 1
4
Fµν F
µν − 1
4
GµνG
µν (1.34)
where
Dµφ = (∂µ+ i gτ ·Wµ/2+ i g ′Bµ/2) (1.35)
Fµν = ∂ µWν − ∂ νWµ−Wµ×Wν (1.36)
Gµν = ∂
µBν − ∂νBµ (1.37)
A non-zero vacuum expectation value must now be chosen and a smart choice is
〈0|φ |0〉=

0
v/
p
2

(1.38)
where v/
p
2 =
p
2µ/
p
λ. Considering the physical particle spectrum, oscillations about the
minimum are studied and parameterized as
φ = e−iθ (x)·τ/2v

0
1p
2
(v+H(x))

(1.39)
Reducing the phase fields to zero by an appropriate gauge transformation, the (1.39) becomes
φ =
1p
2

0
v+H(x)

(1.40)
Substituting the (1.40) in the (1.34) and retaining only terms which are second order in the
fields, the Lagrangian becomes
L =1
2
∂µH∂
µH −µ2H2
− 1
4
(∂µW1ν − ∂νW1µ)(∂ µW ν1 − ∂ νWµ1 )
− 1
4
(∂µW2ν − ∂νW2µ)(∂ µW ν2 − ∂ νWµ2 )
− 1
4
(∂µW3ν − ∂νW3µ)(∂ µW ν3 − ∂ νWµ3 )
(1.41)
as expected a scalar field with mass
p
2µ is obtained. This is the Higgs boson. Moreover, the
components W1 and W2 of the triplet (W1, W2, W3) acquire mass
M1 = M2 = MW± =
gv
2
(1.42)
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They are the W± gauge bosons. The fields W3 and B are now mixed in two non-eigenstates
which are (
Zµ = cosθWW
µ
3 − sinθWBµ
Aµ = sinθWW
µ
3 + cosθWB
µ
(1.43)
where θW is the Weinberg angle and
cosθW =
gp
g2+ g ′2
sinθW =
g
′p
g2+ g ′2
(1.44)
After the unmixing, the resulting masses for the Z boson and the photon are, respectively,
MZ =
1
2
v
p
g2+ g ′2 =
MW
cosθW
(1.45)
and
Mγ = 0 (1.46)
The Higgs mechanism is also responsible for the fermions to acquire mass. The fermion sector
is described by the Lagrangian
L = ψ¯Riγµ(∂µ+ i g
′
2
AµY )ψ¯R+ ψ¯L iγ
µ(∂µ+ i
g
′
2
AµY + i
g
2
τ · Bµ)ψ¯L (1.47)
where the label L represents doublets of left-handed fermions and R represents right-handed
fermions. A mass term is obtained by including the Yukawa interactions between this scalar
field and the matter, given by
L =−Gf[ψ¯Rφ+ψL + ψ¯LφψR] (1.48)
Introducing now the expression (1.40) in the Yukawa Lagrangian, the interaction term be-
comes
L =−Gf

f¯Rφ
+

νL
fL

+ (ν¯L f¯L)φ fR

=L =−Gf ν +ηp
2
[ f¯R fL + f¯L fR] (1.49)
and, in terms of f¯ ≡ ( f¯R f¯L) and f ≡ ( fL fR)+ it becomes
L =−Gfvp
2
f¯ f −−Gfηp
2
f¯ f (1.50)
The resulting mass of the fermion is
mf =
Gfp
2
v (1.51)
The same holds for all the Standard Model fermions, and their couplings to the Higgs boson
are proportional to their masses. Thus, the Higgs boson prefers to decay into the heaviest
fermions that are kinematically accessible.
1.2.2 Higgs Production
In proton-proton collisions at LHC several production modes are possible for a Higgs bo-
son [19]. In Figure 1.2 the SM Higgs production cross section for the different production
channels as a function on mH is shown [20, 21, 22]. As it can be observed, the dominant
mechanism of production is the so-called Gluon Fusion, gg→ H. Two gluons combine forming
a loop of virtual quarks. Since the coupling of particles to the Higgs boson is proportional
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to their mass, the most relevant process are those that involve loop of heavy quarks, such as
bottom or top quarks.
The second main important production channel is the Vector Boson Fusion, qq→ V∗V∗→ qq H,
where V∗ is a virtual W or Z. Two quarks collide and exchange a virtual gauge boson, which
emits a Higgs boson.
Another possible production process is the Associated Vector boson production, qq→ V∗ →
VH. In this case a quark colliding with his anti-quark, can form a virtual W or Z boson which
can emit a Higgs boson.
Finally, a process with lower production cross section is the Associated Top-Pair production,
gg→ t¯tH. The process is originated by the collision between two proton partons, each decaying
into a heavy quark-antiquark pair. A quark and antiquark from each pair can combine and
form a Higgs boson.
The Feynman diagrams relative to the Higgs production processes are shown in Figure 1.3.
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Figure 1.2: Cross sections at
p
s = 8 TeV [23].
1.2.3 Higgs Decay
The Higgs couplings to other particles are proportional to their masses so that the dominant
Higgs decays are into the heaviest particles kinematically accessible [19, 24]. As displayed in
Figure 1.4a, at a mass of mH = 125 GeV there are several decay modes opened for the Higgs
boson. The decay processes are:
• H→ f f¯
At the tree level the Higgs decay rate into a pair of fermions is
Γ(H→ f f¯ ) = Nc GF mH
4pi
p
2
m2f
 
1− 4m
2
f
m2H
!3/2
(1.52)
where Nc is the color factor and it is 1 for leptons and 3 for quarks. Since Γ(H→ f f¯ )∝
m2f , the dominant two-body decays in a pair of fermions are expected to be into bb¯ for
quarks and τ+τ− for leptons (the decay H→ t+ t− is kinematically prohibited);1
1
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Figure 1.3: Feynman diagrams for Higgs production: (a) Gluon Fusion; (b) Vector Boson
Fusion; (c) Associated Vector Boson Production; (d) Associated Top Pair Production.
• H→WW∗
The decay rate for a Higgs boson in a W vector boson pair (one real and the other
virtual) is
Γ(H→WW∗) = GF m
3
H
8pi
p
2
(1− 4λW ) 12 (12λ2W − 4λW + 1) (1.53)
where λW =

mW
mH
2
;
• H→ Z Z∗
The decay rate for a Higgs boson in a Z vector real and in one virtual is
Γ(H→ ZZ∗) = GF m
3
H
16pi
p
2

mW
mZ
2
(1− 4λZ) 12 (12λ2Z − 4λZ + 1) (1.54)
where λZ =

mZ
mH
2
;
• H→ γγ
Higgs boson can directly interact only with massive particles, so that the decays H→ g g
and H→ γγ are absent at the tree level. These decay rates are generated by quantum
loops and the dominant contributions to the decay amplitude are given by massive
particles, top quark t and W± boson . For the H→ γγ decay, the rate is
Γ(H→ γγ) = GF m
3
H
8pi
p
2
α
pi
2 |I2| (1.55)
where I is a factor depending on
m2t
m2H
and
m2W
m2H
respectively;
• H→ g g
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Being the gluon massless as the photon, also in this case the decay may be generated
just by quantum loops of massive particle. The decay amplitude for this process is
Γ(H→ g g) = GF m
3
H
36pi
p
2

αS(m2H)
pi
2
|I |2 (1.56)
where I is defined as I ∼ 1+ m2H
4m2t
.
The Higgs boson total decay rate increases very fast with respect to the mH, as it is shown in
Figure 1.4b. At mH = 125 GeV the amplitude is ΓH ∼ 4.2 GeV.
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Figure 1.4: Standard Model Higgs features [23].
1.3 Previous experimental searches for the Higgs boson
1.3.1 LEP
The first extensive search for the Higgs boson took place at CERN in the 1990’s, with the LEP
(Large Electron-Positron Collider) accelerator [25]. LEP was composed by four experiments:
ALEPH, OPAL, DELPHI and L3. These four collaborations have collected a total of 2461 pb−1
of e+e− collision data at center-of-mass energies between 189 and 209 GeV. At LEP the SM
Higgs boson was mainly searched in the associated Z boson production mode through the
Higgs Strahlung process e+e−→ HZ and mainly in the decay into bb¯ quark pairs. Although no
evidence of the Higgs boson has been found, a lower limit of 114.4 GeV has been established,
at the 95% confidence level on the mass of the SM Higgs boson.
1.3.2 Tevatron
The search for the SM Higgs boson continued at Fermilab with the Tevatron collider and
his two experiment D0 and CDF [26]. The amount of data collected has been 10 fb−1 pp¯
collision data at centre-of-mass energies up to
p
s = 1.96 TeV. The decay modes studied were
H→ bb¯, H→ τ+τ−, H→W+W− and H→ γγ. Both CDF and D0 observed an excess of signal-
like events in the low mass range 115 < mH < 140 GeV, compatible with the experimental
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resolution and the local significance corresponds to 3.0 standard deviations at mH = 125
GeV. The results obtained are shown in Figure 1.5. The resulting fitted signal strength is
µ= σ/σSM = 1.44
+0.59−0.56.
Figure 1.5: Exclusion plot for the Higgs mass obtained at Tevatron [26].
For the H→ bb¯ decay mode, the obtained preliminary results [27] from Tevatron show a
maximum significance at 140 GeV with signal strength at 125 GeV of 1.95 ± 0.75, recently
updated to 1.58 ± 0.75 [26]. The results are shown in Figure 1.6a and 1.6b, respectively.
(a) Preliminary results [27]. (b) Updated results [26].
Figure 1.6: The best-fit signal cross section times branching ratio as a function of Higgs boson
mass obtained at Tevatron for H→ bb¯. The dark- and light-shaded bands show the 1 and
2 s.d. uncertainty ranges on the fitted signal, respectively. Also shown with blue lines are
the median fitted cross sections expected for a SM Higgs boson with mH=125 GeV at signal
strengths of 1.0 times (short-dashed) and 1.5 times (long-dashed) the SM prediction. The
SM prediction is shown as the smooth, falling curve where the narrow band indicates the
theoretical uncertainty.
1.3.3 LHC
Our of the main goals of the Large Hadron Collider at CERN was to find and, eventually, study
the Higgs boson. Data collection at the LHC started in March 2010. On 4 July 2012, both
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the CMS and the ATLAS experiment independently announced the same discovery: the ob-
servation of a new particle with a mass at around 125 GeV [8, 9, 10], compatible with the
Higgs boson. The CMS experiment used 5.1 fb−1 data collected at ps = 7 GeV and 5.3 fb−1
data collected at
p
s = 8 GeV. An excess was observed at around 125 GeV with a local sig-
nificance of 5σ with a search performed in five decay channels: γγ, ZZ, W+W−, τ+τ− and
bb¯. The most significant excess resulted in the two decay modes with the best mass reso-
lution, the diphoton channel and the 4-leptons channel. The obtained value for the Higgs
boson mass was 125.3±0.4(stat.)±0.5(syst.) GeV. On the other hand, the ATLAS experiment
used datasets corresponding to integrated luminosities of 4.8 fb−1 collected at ps = 7 TeV
and 5.8 fb−1 at ps = 8 TeV. The result for the Higgs mass obtained, using the decay modes
H→ZZ∗→ 4l, H→ γγ, H→WW∗→ lν lν at the 8 TeV combined with previous results in the 7
TeV for H→ ZZ∗, WW∗, bb¯ and τ+τ−, was 126.0± 0.4(stat.)± 0.4(stat.).
The updated mass value obtained by the ATLAS and CMS Collaborations is 125.09±0.21(stat.)±
0.11(syst.) GeV [28]. In the following paragraphs the analysis performed by the CMS collab-
oration for the two high mass resolution channels (γγ and ZZ) will be briefly described.
Whether the new particle is a Higgs boson is proved by checking its quantum properties and
by means of its interactions with other particles. The Standard Model predicts that the Higgs
boson has spin 0 and positive parity. ATLAS and CMS compared various alternative hyphothe-
sis for the J P assignment of the Higgs boson and the 0+ resulted consistently favored [29, 30].
The H(γγ) in CMS
The H(γγ) channel, despite the very low branching ratio (about 0.3%), is a very sensitive
channel for searching the Higgs boson [31]. Thanks to the CMS electromagnetic calorime-
ter, the energy of photons can be precisely measured and thus the invariant mass of the two
photons can be evaluated with an high resolution. The search is made for a narrow peak of
the two photon invariant mass in the range between 110 and 150 GeV, on a large QCD back-
ground.
The analysis [32] uses the entire dataset collected by the CMS experiment in proton-proton
collisions during the 2011 and 2012 LHC running periods. The data samples correspond to
integrated luminosities of 5.1fb−1 at ps = 7 TeV and 19.7fb−1 at 8 TeV.
Candidate diphoton events are separated into mutually exclusive categories of different ex-
pected signal-to-background ratios, based on the properties of the reconstructed photons and
on the presence of two jets satisfying criteria aimed at selecting events in which a Higgs boson
is produced through the VBF process. This choice has been adopted in order to maximize the
sensitivity.
The event selection requires two photon candidates satisfying transverse momentum (pT) re-
quirements and they must be reconstructed within the fiducial region, η ≤ 2.5 1, excluding
the barrel-endcap transition region. Jet selection criteria are applied on the two pT-leading
jets within |η|< 4.7. These selected jets should have a transverse momentum, a pseudorapid-
ity opening and an invariant mass greater than optimized thresholds. Additionally, selection
requirements relating the dijet and the diphoton systems are applied (the difference between
the pseudorapidity and between the azimuthal angle of the two systems).
The conclusive analysis is performed using a Boost Decision Tree (BDT) in order to obtain an
high output an high value for signal-like events and this multivariate analysis is performed
using variables not related to the diphoton invariant mass. The background is estimated from
data, without the use of MC simulation, by fitting the diphoton invariant mass distribution
1In the CMS coordinate convention η, so-called pseudorapidity, is defined as η = − log tan( θ
2
) where θ is the
polar angle. More details about the coordinate convention will be given in Chapter 2.
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in each of the categories extending slightly above and below that in which the search is per-
formed and polynomial functions are used.
A clear signal is observed in the diphoton channel at a mass close to 125 GeV with a local
significance of 5.7 σ, where a significance of 5.2 σ is expected for the standard model Higgs
boson. The mass is measured to be 124.70±0.34 GeV, and the best-fit signal strength relative
to the standard model prediction is 1.14+0.26−0.23. Figure 1.7 shows the the final obtained results.
Figure 1.7: (left) Local p-values as a function of mH for the 7 TeV, 8 TeV, and the combined
dataset. The values of the expected significance, calculated using the background expectation
obtained from the signal-plus-background fit, are shown as dashed lines [32]. (right) Dipho-
ton mass spectrum weighted by the ratio S/(S + B) in each event class, together with the
background subtracted weighted mass spectrum [32].
The H(4l) in CMS
The properties of a Higgs boson candidate are measured in the H→ZZ→4l decay channel
[33], with with l=e,µ using data from pp collisions corresponding to an integrated luminosity
of 5.1 fb−1 at at center-of-mass energy of ps = 7 TeV and 19.6 fb−1 at ps = 8 TeV, recorded
with the CMS detector at the LHC. This channel is a sensitive one to the search of the Higgs
boson as it is contamined by few backgrounds and allows the measure of the Higgs boson
mass with high resolution. There are three possible subchannels: 4e, 4µ, 2e2µ.
The background sources include an irreducible four-leptons contribution from direct ZZ pro-
duction. Reducible contributions arise from Z + bb¯ and t¯t production where the final states
contain two isolated leptons and two b-quark jets producing secondary leptons.
Transverse momentuma and pseudorapidity requirements are applied on electrons and muons,
which are also required to be isolated. The lepton pairs from Z boson decays must also be
originated from the same primary vertex.
The event selection requires two pairs of same-flavor, oppositely charged leptons. Invariant
mass selections are applied both on the pair with mass closest to the Z boson mass that on the
other lepton pair.
Two different approaches are employed to estimate the reducible and instrumental back-
grounds from data. Both start by selecting events in a background control region, well sep-
arated from the signal region, by relaxing the isolation and identification criteria for two
same-flavor reconstructed leptons. In the first approach, the additional pair of leptons is re-
quired to have the same charge (to avoid signal contamination) while, in the second, two
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opposite-charge leptons failing the isolation and identification criteria.
The new boson is observed as a narrow resonance with a local significance of 6.8 standard de-
viations, a measured mass of 125.6 ± 0.4 (stat) ± 0.2 (syst) GeV and a total width of 3.4 GeV
at a 95% confidence level. The production cross section of the new boson times the branching
fraction to four leptons is measured to be 0.93+0.26−0.23(stat)+0.13−0.09(syst) times that predicted by
the standard model. Results are shown in Figure 1.8.
Figure 1.8: (left) Distribution of the four-lepton reconstructed mass for the sum of the 4e, 4µ,
and 2e2µ channels for the low-mass region. Points with error bars represent the data, shaded
histograms represent the backgrounds, and the unshaded histogram the signal expectation for
a mass hy- pothesis of mH = 126 GeV [33]. (right) Observed and expected 95% C.L. upper
limit on the ratio of the production cross section to the SM expectation. The expected 1σ
and 2σ ranges of expectation for the background-only model are also shown with green and
yellow bands, respectively [33].
Final combination
CMS combined all the decay modes H → γγ, H → ZZ, H → WW, H → ττ, H → bb and H
→ µµ and, using the data samples collected in 2011 and 2012 corresponding to integrated
luminosities of up to 5.1 fb−1 at 7 TeV and up to 19.7 fb−1 at 8 TeV, obtained a combined best-
fit signal relative to the standard model expectation is 1.00±0.09(stat)+0.08−0.07(theo)±0.07(syst)
at the measured mass 125.02+0.26−0.27(stat)++0.14−0.15(syst) GeV.
Additionally, the ATLAS and CMS experiments at the CERN LHC combined their data samples
in the H → γγ and H → ZZ → 4l decay channels in order to measure the Higgs boson mass
[28]. The results are obtained from a simultaneous fit to the reconstructed invariant mass
peaks in the two channels and for the two experiments. The combined measured mass of the
Higgs boson is mH = 125.09 ± 0.21 (stat) ± 0.11 (syst) GeV. The results are shown in Figure
1.10.
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Figure 1.9: (left) Values of the best-fit σ/σSM for the combination (solid vertical line) and for
subcombinations by predominant decay mode. The vertical band shows the overall σ/σSM
uncertainty. The σ/σSM ratio denotes the production cross section times the relevant branch-
ing fractions, relative to the SM expectation. The horizontal bars indicate the ±1 standard
deviation uncertainties in the best-fit σ/σSM values for the individual modes; they include
both statistical and systematic uncertainties [34]. (right) Summary of the coupling for sev-
eral Higgs decay products, expressed as function of their mass [34].
Figure 1.10: (left) Summary of likelihood scans in the 2D plane of signal strength µ versus
Higgs boson mass mH for the ATLAS and CMS experiments. The 68% CL confidence regions of
the individual measurements are shown by the dashed curves and of the overall combination
by the solid curve. The markers indicate the respective best-fit values. The SM signal strength
is indicated by the horizontal line at µ=1 [28]. (right) Summary of Higgs boson mass mea-
surements from the individual analysis of ATLAS and CMS and from the combined analysis
presented here. The systematic (narrower, magenta-shaded bands), statistical (wider, yellow-
shaded bands), and total (black error bars) uncertainties are indicated. The (red) vertical line
and corresponding (gray) shaded column indicate the central value and the total uncertainty
of the combined measurement, respectively [28].
2 The Large Hadron Collider andthe CMS experiment
This Chapter focuses on the collider layout and on the structure of the CMS experiment. The
first Section contains a brief introduction to the machine structure, followed by a description
of its injection chain. Finally, some details about the luminosity are explained. In the sec-
ond Section, the CMS experiment is introduced and its main components together with their
performances are described.
2.1 The LHC collider
The LHC (Large Hadron Collider) is an hadron accelerator and it first started up on 10 Septem-
ber 2008. It consists of a 26.7 km ring, constructed in the already existing LEP tunnel at CERN.
The prime motivation of the LHC is to elucidate the nature of electroweak symmetry breaking
for which the Higgs mechanism is responsible. Furthermore, with LHC is it possible to inves-
tigate the TeV scale and there are many compelling reasons to study this energy range, in the
hope for some discoveries beyond the Standard Model.
The LHC can yield head-on collisions of proton beams up to an energy of 7 TeV each, with a
design luminosity of 1034 cm−2s−1. Moreover, also collisions between lead ions are possible,
where each nucleon can reach an energy oup to 2.8 TeV and with an instantaneous luminosity
L = 1027 cm−1s−1 [35].
2.1.1 Main machine layout
The basic layout of the LHC is not a perfect circumference but it is separated in 8 straight
sections arches. Along the LHC ring there are 1232 superconducting dipoles bending the
beams and operating at a temperature of 1.9 K. At
p
s = 7 TeV, these magnets produce a
magnetic field of 8.33 T. The accelerating power is actually given by radiofrequecy cavities
working at 400.79 MHz. The energy gain per revolution is 485 keV, in spite of the 7 keV loss
per turn due to synchrotron radiation.
In Figure 2.1 a schematic layout of the LHC ring is shown. The two high luminosity experimen-
tal insertions are located at diametrically opposite straight sections: the ATLAS experiment is
located at Point 1 and the CMS experiment at Point 5. Two more experimental insertions
(ALICE and LHCb) are located at Point 2 and Point 8, which also include the injection systems
for Beam 1 and Beam 2, respectively. The remaining four straight sections are not equipped
with detectors. Insertions at Points 3 and 7 each contain two collimation systems. At point
4 there are two RF systems, one for each proton beam. The insertion at Point 6 is the beam
dumping area, where the two beams are extracted from the machine.
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Figure 2.1: Schematic layout of the LHC.
2.1.2 Injection chain
The LHC acceleration chain is showed in Figure 2.2. A Linac (Linear Accelerator) accelerates
the proton beam up to 50 MeV and injects it in the PBS (Proton Synchrotron Booster) until the
particle reach 1.4 GeV. After the LINAC a Proton Synchroton called PS accelerates the beam
up to 25 GeV and then the protons are transferred to the SPS (Super Proton Synchrotron)
where the beam finally reaches an energy of 450 GeV. The last step is the injection injected
in the LHC ring, where the beam is accelerated up to a design energy of 7 TeV, although until
now the beam has reached an energy of 3.5 TeV and 4 TeV for 2010-2011 and 2012 datasets
respectively.
Figure 2.2: Overall view of the LHC injection complex.
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2.1.3 Luminosity
The LHC collision frequency, at the design luminosity, is up to 40 MHz and consequently the
time between bunch crossing is 25 ns. In each proton beam there are 2808 bunches, and each
of them contains 1.5 · 1011 protons. Figure 2.3a shows the total luminosity produced by LHC
and collected by CMS in the year 2012, while Figure 2.3b shows the luminosity increasingly
trend with respect to the data collection year.
(a) Recorded by CMS in 2012. (b) In 2010, 2011 and 2012.
Figure 2.3: Integrated Luminosity produced by LHC [36].
The number of proton-proton inelastic collisions per second generated at the LHC is
N =Lσin (2.1)
where L is defined as the instantaneous machine luminosity. The proton-proton inelastic
cross section is labeled σin and it is expected to be roughly 100 mb at
p
s = 14 TeV. At the
design luminosity the general purpose experiments, that are CMS and ATLAS, will therefore
observe a collision rate of N = 109 event/s and, in the bunch crossing region, the mean pile-up
is 20.
The very high design luminosity for each bunch increases the rate of interesting events but, on
the other hand, the number of pile-up events increase too with a fixed bunch crossing spacing.
The pile-up can come from other interactions of the considered bunch crossing, the so-called
in-time pile-up or can be generated by the low energy particles superimposition coming from
previous or next bunch crossing, so-called out-of-time. The pile-up complicates the study of
the considered process since the interesting events have to be distinguished from the addi-
tional minimum bias events.
2.2 The CMS experiment
The CMS (Compact Muon Solenoid) detector is one of the two multi-purpose detector based
on the LHC collider. In Figure 2.4 a schematic view of the CMS detector is given. It is 21.6
m long, has a diameter of about 14.6 m and an overall weight of 12500 tons. The detector
has a symmetric cylindrical shape and its central region is called the barrel while the two
enclosing disks are the endcaps. At the core of the CMS detector sits a high-magnetic field
and large-bore superconducting solenoid surrounding a silicon pixel and strip tracker, a lead-
tungstate scintillating-crystals electromagnetic calorimeter, and a brass-scintillator sampling
hadron calorimeter. The iron yoke of the flux-return is instrumented with four stations of
muon detectors covering most of the 4pi solid angle. Forward sampling calorimeters extend
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the pseudo-rapidity coverage to high values (η≤ 5) assuring very good hermeticity.
Figure 2.4: A perspective view of the CMS detector [37].
2.2.1 Coordinate convention
The CMS detector is centered at the interaction point (IP) between the two proton beams. The
z-axis is identified in the direction of the anti-clockwise beam; the y-axis points vertically and
x-axis points radially the center of the LHC. The angular coordinates used are the azimuthal
angle φ, measured from the x-axis in the x-y plane and defined in the rage φ ∈ [−pi,pi];
the radial coordinate in the x-y plan given by r =
p
x2+ y2 ;the polar angle θ , measured
from z-axis and included in the interval θ ∈ [0,pi]. Instead of θ , very often a variable called
psedudorapidity is used and it is defined as
η=− log

tan

θ
2

(2.2)
Other very used variables are the momentum and the energy transverse to the beam direction,
expressed as pT and ET = E sinθ .
2.2.2 Superconducting magnet
The superconducting magnet [38] of CMS has been designed to reach a high magnetic field
of approximately 3.8 T in a free bore of 6 m diameter and 13 m length. The solenoid provides
a large bending power (12 Tm) for high-energy charged particles to precisely measure their
momentum in the tracking detectors. The magnetic coil accommodates the tracking and part
of the calorimeter detectors. The magnetic flux is returned through a 10000 T yoke in which
the muon detector chambers are integrated; in this region, where the muon chambers are
placed, the magnetic field is 2 T.
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2.2.3 Inner tracking system
The tracker [39, 40] is the innermost subdetector of CMS. It is located inside the bore of the
magnet coil, which provides to it a full volume 3.8 T magnetic field. The tracking volume is
given by a cylinder of 5.8 m length and 2.5 m diameter. The main goal of the inner tracking
system is to provide a precise and efficient measurement of the trajectories of charged particles
emerging from the LHC collisions, as well as a precise reconstruction of secondary vertices. At
LHC design luminosity more than 1000 particles are expected to traverse the tracking volume
in each bunch crossing. Therefore a detector technology featuring high granularity and fast
response is required.
The CMS tracker is composed of two different kind of silicon trackers: pixel detector and strip
detector. The latter consists of three cylindrical layers at radii between 4.4 cm and 10.2 cm,
surrounding the interaction point. They are complemented by two disks of pixel modules
on each side. The former is a detector with 10 barrel detection layers extending outwards
to a radius of 1.1 m. The strip detector is complemented by 3 plus 9 disks on each side of
the barrel, extending the acceptance of the tracker up to a pseudorapidity of |η| < 2.5. A
schematic drawing of the CMS tracker is shown in Figure 2.5.
Figure 2.5: Schematic view of the CMS tracker. Each line represents a detector module.
Double lines indicate back-to-back modules which deliver stereo hits [37].
Pixel detector The pixel system is the part of the tracking system that is closest to the
interaction region. It is composed by about 66 million pixel cells, each with an approximated
size of 100 × 150 µm2 and for each pixel the analog pulse height information is detected
and read out. The pixel system performs precise tracking points in the r-φ plan and z and is
therefore responsible for good secondary vertex reconstruction.
The pixel detector covers a pseudorapidity range of |η| < 2.5. Indeed it consists of three
barrel layers (BPix) with two endcaps disks (FPix), matching all the acceptance of the central
tracker. The BPix layers are 53 cm long and are situated at a mean radii of 4.4, 7.3 and 10.2
cm. The FPix extend from 6 to 15 cm in radius and are placed on each side at z = ±34.5
cm and z = ±46.5 cm. This geometrical configuration has been chosen because, over almost
the full |η| range, the pixel detector gives three-dimensional (3-D) position measurements of
the hits arising from the interaction of charged particles, as it is shown in Figure 2.6. The hit
position resolution is approximately 10µm in the transverse coordinate and 20-40µm in the
longitudinal coordinate, while the third coordinate is given by the sensor plane position.
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Figure 2.6: Geometrical layout of the pixel detector [37].
Strips detector The sensor elements in the strip tracker are p-on-n type silicon microstrip
sensors. The modules used can be single-sided or double-sided. Indeed, the modules in the
innermost two layers of both the TIB and the TOB, as well as the modules in rings 1 and 2 of
the TID, and 1, 2 and 5 of the TEC, carry a second strip detector module, which is mounted
back-to-back to the first and rotated in the plane of the module by a "stereo" angle of 100
mrad. The hits from these two modules, known as "rφ" and "stereo hits", can be combined
into matched hits that provide a measurement of the second coordinate (z on the barrel, r on
the disks).
The strip detector is composed by three subsystems:
• the tracker inner barrel and disks (TIB/TID);
• the tracker outer barrel (TOB), surrounding the TIB/TID;
• the tracker endcaps (TEC+ and TEC- where the sign indicates the location along the z
axis).
The TIB/TID extend in radius towards 55 cm and are made up by 4 barrel layers, supple-
mented by 3 disks at each end. This region is covered by silicon microstrips sensors of 320 µm,
parallel to the beam axis in the barrel and transverse on the disks. TIB/TID provide position
measurements in rφ with a resolution of approximately 13-38µm. The TIB/TID is surrounded
by the Tracker Outer Barrel (TOB). It has an outer radius of 116 cm and consists of 6 barrel
layers of 500 µm thick microstrip sensors. It is extended along the z-axis until z = ±118
cm. It provides position measurements in rφ with a resolution of approximately 18-47µm.
Finally the TEC+/TEC- cover the region that ranges 124 cm < |z| < 282 cm and 22.5 cm
< |r| < 113.5 cm. Both TEC structures are composed of 9 disks, carrying up to 7 rings of
silicon micro-strip detectors (320 µm thick on the inner 4 rings, 500 µm thick on rings 5-7).
TIB and TID provide up to 4 measurements in the r-φ plane, while TOB can add to 6 points
and TEC may give up to 9 measurements of φ per trajectory.
The principal characteristics of the tracker are summarized in Table 2.1.
Tracker performance The magnetic field bends the charged particles trajectories which, as
a consequence, travel through the tracking detectors on a helix. The helix trajectory is de-
scribed by 5 parameters: the curvature, the track azimuthal angle φ and polar angle η, the
signed transverse impact parameter d0 and the longitudinal impact parameter z0 . The trans-
verse (longitudinal) impact parameter of a track is defined as the transverse (longitudinal)
distance of closest approach of the track to the origin of the coordinates system. More details
are given in Chapter 3.
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Tracker Subsystem Layers Pitch Location
Pixel Tracker Barrel 3 cylindrical 100× 150µm2 4.4 < r < 10.2 cm
Strip Tracker Inner Barrel (TIB) 4 cylindrical 80− 120µm 20 < r < 55 cm
Strip Tracker Outer Barrel (TOB) 6 cylindrical 122− 183µm 55 < r < 116 cm
Pixel Tracker Endcap 2 disks 100× 150µm2 34.5 < |z| < 46.5 cm
Strip Tracker Inner Disks (TID) 3 disks 100− 141µm 58 < |z| < 124 cm
Strip Tracker Endcap (TEC) 9 disks 97− 184µm 124 < |z| < 282 cm
Table 2.1: A summary of the principal characteristics of the various tracker subsystems. The
number of disks corresponds to that in a single endcap. The location specifies the region in
r(z) occupied by each barrel (endcap) subsystem [40].
The expected performance of the track reconstruction is shown in Figure 2.7 for muons and
pions. Muons are reconstructed better than any other charged particle in the tracker, as they
mainly interact with the silicon detector through ionization of the medium and, unlike elec-
trons, their energy loss through bremsstrahlung is negligible. Muons therefore tend to cross
the entire volume of the tracking system, producing detectable hits in several sensitive layers
of the apparatus. For isolated muons with 1< pT < 100 GeV, the tracking efficiency is greater
than 99% over the full η-range of tracker acceptance, and does not depend on pT.
Charged pions, as muons, undergo multiple scattering and energy loss through ionization as
they cross the tracker volume. However, like all hadrons, pions are also subject to elastic and
inelastic nuclear interactions. Inelastic nuclear interactions are the main source of tracking in-
efficiency for hadrons, particularly in those regions of the tracker with large material content.
Depending on η, up to 20% of the simulated pions are not reconstructed. This effect is most
significant for hadrons with pT ≤ 700MeV, because of the larger cross sections for nuclear
interactions at low energies. The tracking efficiency is also affected by the secondary particles
produced in inelastic processes.
The material budget of the CMS tracker in units of radiation length is presented in Figure 2.8.
Provided the magnetic field by the superconducting solenoid, the tracker can give a measure-
ments of the charged particle momentum through the relation
pT[GeV]= 0.3 · B[T] · r[m] (2.3)
where r is the radius of the particle trajectory. The momentum resolution is given by two
contributions: a first term proportional to the momentum due to the uncertainty on the cur-
vature measurement and a second term, not depending on the particle momentum, due to
the multiple scattering in the material.
In Figure 2.9 the transverse momentum resolution for single muons with different transverse
momentum as a function of pseudorapidity is shown. For high momentum tracks (100 GeV)
the transverse momentum resolution is around 1 − 2% up to |η| ' 1.6, beyond which it
degrades due to the reduced lever arm. The material of the tracker accounts for 20-30%
of the transverse momentum resolution. At lower momenta, the resolution is dominated by
multiple scattering and its distribution reflects the amount of material traversed by the track.
The momentum resolution is also inversely proportional to the magnetic field, so that the
resolution becomes better with high B. Furthermore, the momentum resolution depends also
on the curvature level arm L, precisely as ∆p/p ∝ 1/L2.
The resolution on the on the transverse momentum is expressed as
∆pT
pT
∼ ∆s[µm]
L2[cm]2B[T]
pT[GeV] (2.4)
A tag-and-probe [41, 42] method allows an extraction of muon tracking efficiency directly
from decays of known resonances. For example, Z → µ+µ− candidates are reconstructed
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using pairs of oppositely charged muons identified in the muon chambers. Each Z candidate
must have one tag muon, meaning that it is reconstructed in both the tracker and muon
chambers, and one probe muon, meaning that it is reconstructed just in the muon chambers,
with no requirement on the tracker. The invariant mass of each µ+µ− candidate is required
to be within the 50-130 GeV range, around the 91 GeV mass of the Z boson.
For both data and simulated events, the tracking efficiency can be estimated as the fraction of
the probe muons in Z→ µ+µ− events that can be associated with a track reconstructed in the
tracker.
The results of fits using the tag-and-probe method are shown for data and simulation in Figure
2.10 as a function of the η of the probe, as well as the number of reconstructed primary
vertices in the event.
Figure 2.7: Track reconstruction efficiencies for single, isolated muons (top) and pions (bot-
tom). Results are shown as a function of η (left), for pT = 1, 10, and 100 GeV. They are also
shown as a function of pT (right), for the barrel, transition, and endcap regions, which are
defined by the η intervals of 0-0.9, 0.9-1.4 and 1.4-2.5, respectively [40].
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Figure 2.8: Material budget of the CMS tracker in units of radiation length X0 as a function
of pseudorapidity divided into the contributions of the different subdetectors.
Figure 2.9: Resolution of transverse momentum for single muons with transverse momenta of
1, 10 and 100 GeV with respect to the pseudorapidity. Resolution, as a function of pT , in the
five track parameters for single, isolated muons in the barrel, transition, and endcap regions,
defined by η intervals of 0-0.9, 0.9-1.4 and 1.4-2.5, respectively [40].
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Figure 2.10: Tracking efficiency measured with a tag-and-probe technique, for muons from Z
decays, as a function of the muon η (left) and the number of reconstructed primary vertices
in the event (right) for data (black dots) and simulation (blue bands) [40].
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2.2.4 Electromagnetic calorimeter
The CMS electromagnetic calorimeter (ECAL) [43] is an hermetic and homogeneous calorime-
ter, surrounding the tracking system but still inside the solenoidal coil and with a large pseu-
dorapidity coverage up to |η|< 3.0.
It is made of 61200 lead tungstate (PbWO4) crystal in the barrel region, which is closed by
7324 crystal in each of the two endcaps. PbWO4 crystals are characterized by high density
(ρPbWO4 = 8.28g/cm
3), short radiation length (X0 = 0.89 cm) and a small Molière radius
(RM = 2.2 cm) that make the ECAL compact and with fine granularity. Moreover, the crystals
have also a fast temporal response: they emit about the 80% of the light in 25 ns.
The layout of the CMS calorimeter is shown in Figure 2.11.
Figure 2.11: Layout of the CMS electromagnetic calorimeter [37].
The barrel part of the ECAL (EB) covers the pseudorapidity range |η| < 1.479. The crystals
have a tapered shape, with front face area of 22×22 mm2 and a rear face area of 26×26 mm2.
The crystal length is 230 mm corresponding to 25.8 X0. The distance between the front face
and the center of the detector is 1.29 m. The crystal in the endcaps (EE) cover the rapidity
range 1.479 < |η| < 3.0. The longitudinal distance between the interaction point and the
endcap region is 315.4 cm. The crystals placed in the endcaps are grouped into mechanical
units of 5 × 5 crystals, called supercrystals or SCs. Each endcap is divided into two Dees,
regions shaped as the letter D; each part contains 3662 crystals. The endcaps crystals have a
front face area of 28.62× 28.62 mm2, a rear face cross section of 30× 30 mm2 and a lenght
of 220 mm, corresponding to 24.7 X0.
The photodetectors used in the ECAL are avalanche photodiodes (APDs) in the barrel region
and vacuum phototriodes (VPTs) in the endcaps. They need to be fast, radiation tolerant and
able to operate in a high magnetic field.
A preshower detector is placed in front of the endcap crystals. It is used to identify neutral
pions in the endacaps and to improve the estimation of the position of photons. The preshower
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detector covers the fiducial region 1.653 < |η| < 2.6 and has a total thickness of 20 cm. It is
a sampling calorimeter made of two lead absorbers at 2 X0 and 3 X0, and after each radiator
strip sensors are placed.
Energy resolution For energies below 500 GeV, the energy resolution is well described by
the parametrization σ
E
2
=

Sp
E
2
⊕

N
E
2
⊕ C2 (2.5)
where S is the stochastic term, N the noise term, and C the constant term. The contributions
to the stochastic term are mainly due to fluctuations in the lateral shower, photostatistics and
fluctuations in the energy deposited in the preshower absorber with respect to the energy mea-
sured in the silicon detector in the preshower. The noise term is principally due to electronic
noise, digitization noise and pile up noise. The constant term contains the non-uniformity of
the light collection, intercalibration errors and leakage of energy from the back of the crystal.
In 2004 the ECAL calorimeter has been tested in a beam test with an electron beam. The
energy resolution has been found to beσ
E
2
=

2.8%p
E
2
⊕

0.12%
E
2
⊕ (0.30%)2 (2.6)
In Figure 2.12 the energy resolution for the beam test is shown.
Figure 2.12: CAL energy resolution, σ(E)/E, as a function of electron energy as measured
from a beam test [37].
2.2.5 Hadron calorimeter
The CMS hadron calorimeter (HCAL) [44] is placed just outside the ECAL. The main goal of
the HCAL is the reconstruction of jets and the missing transverse energy that can result from
neutrino and exotic particles. Figure 2.13 shows the longitudinal view of the CMS hadron
calorimeter. The HCAL is divided in four subdetectors: hadron barrel (HB), hadron endcap
(HE), hadron outer (HO) and hadron forward (HF).
Hadron barrel The HB is a sampling calorimeter covering the pseudorapidity range |η| <
1.3. The hadron barrel calorimeter is extended in the region from R= 1.77 m to R= 2.95 m.
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Figure 2.13: Longitudinal view of the CMS detector showing the locations of the hadron barrel
(HB), endcap (HE), outer (HO) and forward (HF) calorimeters [37].
HB is divided in two regions: HB+ and HB-, obtained by halving the barrel. Each half is
composed by 18 azimuthal wedges, each of them covering a range ∆φ = 20◦. The scintillator
is divided in 16 sectors with respect to the pseudorapidity η, with a resulting fragmentation
of (∆η,∆φ) = 0.087× 0.087. The active material oh HB consists of about 70 000 tiles, read
out by wavelength-shifting fibres. The absorber material consists of a 40 mm thick front steel
plate, followed by eight 50.5 mm thick brass plates, six 56.5 mm thick brass plates, and a 75
mm thick steel back plate. Brass has been chosen as absorber material for its short interaction
length and because it is non-magnetic. The total absorber thickness at 90◦ is 5.82 interaction
lengths (λI ). The HB effective thickness increases with polar angle, resulting in 10.6λI at|η|= 1.3. The electromagnetic crystal calorimeter in front of HB adds about 1.1λI of material
Hadron endcap The hadron calorimeter endcaps (HE) cover a substantial portion of the ra-
pidity range, 1.3 < |η| < 3. It is a sampling calorimeter: brass layers, 79 mm thick, alternate
with scintillator layers, 9 mm thick. The total length of the calorimeter, including electromag-
netic crystals, is about 10 interaction lengths. The scintillation light is collected by wavelength
shifting (WLS) fibres, as in HB case.
Hadron outer In the central pseudorapidity region, the stopping power of HB does not
provide sufficient containment for hadron showers. As a consequence, the hadron calorimeter
is extended outside the solenoid with a tail catcher: this is the hadron outer calorimeter
(HO). The mail goal of this section of the hadron calorimeter is the identification of late
starting showers and the measurement of the shower energy deposited after HB. HO covers
the pseudorapidity region |η|< 1.26.
The HO is divided in 5 rings along η, each of them covering approximately 2.5 m along the
z-axis. The central ring has two layers of HO scintillator on either side of a 19.5 cm thick
piece of iron at radial distance of 3.82 m and 4.07 m, respectively. The remaining disks have
a single HO layer at a radial distance of 4.07 m. The total depth of the calorimeter system is
thus extended to a minimum of 11.8λI except at the barrel-endcap boundary region.
Hadron forward HF is a sampling calorimeter. The absorber material is composed by steel
plates 1.65 m thick, while the signal is due to the Cherenkov light emitted by quartz fibres, 0.6
mm thick. HF has a cylindrical shape, with an outer radius of 130 cm and it is 1.65 m deep;
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the hole for the beam pipe is cylindrical with a radius of 12.5 cm. This structure is divided
into 20◦ modular wedges, 18 for either side of the interaction point. The calorimetric towers
have a fragmentation of (∆η,∆φ) = 0.175× 0.175.
The pseudorapidity range is restricted to the range 3< |η|< 5.2.
Energy resolution A functional form is assumed where two terms are folded in quadrature
to get the resolution
σ
E
=
Sp
E
⊕ C (2.7)
where E is the energy in GeV, S is the stochastic term coefficient, and C is the energy indepen-
dent term to be taken in quadrature with the stochastic value. Energy resolution properties of
the different calorimeter regions are listed in Table 2.2.
Calorimeter S C
Central 85 % 5%
Outer 150% 3%
Forward 200% 3%
Table 2.2: Energy resolution coefficients [44].
2.2.6 Muon system
The detection of muons is of central importance to CMS. Thanks the muon system it is possible
to perform muon identification, momentum measurement, and triggering. Muon chambers
only detect muons and no other charged particles because they are hosted in the return yoke.
Indeed, in CMS muons with pT > 2 GeV are the only particles able to pass through the 16
interaction lengths between the interaction point and the muon detector.
The CMS muon system is designed to reconstruct the momentum and the charge of the muons
over the entire kinematic range in LHC. The muon system has a cylindrical shape, divided in
a barrel section and two enclosing endcaps regions. Three different types of gaseous particle
subdetectors are used for muon identification in CMS.
Drift tubes In the barrel region (|η| < 1.2), where the muon rate and the magnetic field is
mostly contained in the steel yoke, the kind of gaseous subdetector used is the drift chamber.
The barrel drift tube (DT) is organized into 4 stations interspersed among the layers of the
flux return plates. The first 3 stations contain 8 chambers each, in 2 groups of 4, measuring
the muon coordinate in the r-φ bending plane, and 4 chambers which provide a measurement
in the z direction, along the beam line. The fourth station does not contain the z-measuring
planes. The drift cells of each chamber are offset by a half-cell width with respect to their
neighbor to eliminate dead spots in the efficiency. The resolution achieved by each chamber
is ∼ 100 µm in rφ and 1 mrad in φ.
Cathode strip chambers In the two endcap regions, 0.8 < |η| < 2.4, the muon rates and
the background level are higher, and the magnetic field is large. In these regions the detectors
used are the cathode strip chambers (CSC). In each endcap there are 4 stations of CSCs,
arranged perpendicular to the beam line and interspersed between the flux return plates. Each
chamber has a spatial resolution of about 200 µm (100 µm for the first station of chambers)
and an angular resolution of approximately 10 mrad.
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Resistive plate chambers In both the barrel and the endcaps, other subdetectors are in-
stalled: the resistive plate chambers (RPC). They provide a fast trigger and have a fast re-
sponse with good time resolution, but also slightly worse spatial resolution tan DTs and CSCs.
Muon system performances The aim of the muon system [45] is to improve the muon
momentum resolution. The measure of the momentum is possible thanks to the bended tra-
jectory of muons, which is caused by the magnetic field. The resolution of the measurement is
given by this contribution and by the multiple scattering contribution, as already mentioned
in section 2.2.3. The expected muon momentum resolution using only the muon system, us-
ing only the inner tracker, and using both sub-detectors is shown in Figure 2.14.
Figure 2.14: The muon transverse-momentum resolution as a function of the transverse-
momentum (pT) using the muon system only, the inner tracking only, and both of them.
Left panel: |η|< 0.8; right panel: 1.2< |η|< 2.4 [37].
For muons reconstructed only in the muon system, called stand alone muons, the multiple
scattering contribution to the resolution becomes lower when the transverse momentum be-
comes higher. Up to pT = 200 GeV this factor is predominant, but after this value the level
arm contribution is the dominant one. For low pT the resolution for muons reconstructed
only with the inner tracker is much better. Considering both the muon system and the inner
tracking system the resolution is improved for pT > 100 GeV.
2.2.7 Trigger system
The CMS trigger system is designed to cope with the unprecedented high luminosity and
interaction rates. It must ensure high data recording efficiency for a wide variety of physics
objects and event topologies, while applying online selective requirements to reduce the 40
MHz event rate to an output rate of about 1 kHz allowing for permanent storage of an event.
Triggering procedure in CMS is implemented in two steps called Level-1 (L1) Trigger [46] and
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High-Level Trigger (HLT) [47]. The L1 trigger is designed to achieve a maximum output rate
of 100 kHz and consists of custom-designed, programmable electronics, whereas the HLT is
based on software algorithms running on a large cluster of commercial processors.
Level-1 Trigger The CMS L1 trigger is based on the identification of muons, electrons, pho-
tons, jets, and missing transverse energy. The trigger must have a sufficiently high and un-
derstood efficiency at a sufficiently low threshold to ensure a high yield of events in the final
CMS physics plots.
The L1 trigger system has a very short latency time between a given bunch crossing and the
distribution of the trigger decision to the detector front-end electronics (3.2 µs) and has to
reduce the large amount of data (40 MHz) to 100 kHz. The decision is based on the decision
of local, regional and global trigger components (Figure 2.15) and his components are the
Global Trigger, the Muon Trigger and the Calorimeter Trigger.
Figure 2.15: Architecture of the Level-1 Trigger [37].
At the bottom end the Local Triggers, called Trigger Primitive Generators, use only informa-
tions given by the calorimeter trigger towers and the muon chambers (energy deposit and hit
pattern respectively), without taking into account the tracker. The Muon Trigger is based on
the system subdectors, that are DT, CSC and RPC. They record the muons tracks above a given
pT threshold and transfer the informations to the Global Muon Trigger, which determine the
highest-rank muon objects across the experiment. The Calorimeter Trigger is based on the
energy deposits in ECAL, HCAL and HF and the ones above a given threshold are selected and
transferred to the Global Calorimeter Trigger.
All the informations selected in the two Local Triggers are sent to the Global Trigger, which is
the last step before the HLT. If an event is accepted by the L1 trigger, the full detector infor-
mation is read out by the DAQ system at a rate of up to 100 kHz, passed to the event filter
farm and used as input for the HLT.
High Level Trigger HLT reduces the rate from 100 kHz to 1 kHz. In order to optimize
the data flow, the filter farm performs event selection in progressive stages by applying a
series of High Level Trigger filters. The initial filtering decision is made on a subset of the
data, from detector components such as the calorimeter and muon systems. The remainder
of the full event data are only transferred to the farm after passing these initial filters and
the final High Level Trigger algorithms are then applied to the complete event. The HLT
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algorithms use the same algorithms of the offline reconstruction and analysis, but in the case
of the triggering procedure the speed is more important than the resolution achieved. The
High Level Triggers have access to all the information used in L1. Consequently, High Level
Triggers can make further combinations and other topological calculations on the digital list
of objects transmitted from L1. Moreover, much information is not available on the time scale
of the L1 trigger decision. This information is then used in the High Level Triggers. This
informations includes that from the tracker and the full granularity of the calorimeters.
HLT is configured as a trigger path, in other words it is a set of conditions each of them
implemented in a module. If the event satisfies the condition requested by the module then
a boolean variables is set to 1, otherwise to 0. In order to accept the event, the AND logic
among all the levels must be satisfied.
The High Level Trigger is ideally divided in four sub-levels, called L1, L2, L2.5 and L3:
• Level 1 requires only the presence of particular trigger L1 or their logical combinations;
• at Level 2 additional selections are made, using only calorimeters and muon chambers
informations. Thus, at this stage, jets, MET, electrons, photons and muons are recon-
structed;
• Level 2.5 has access to the Pixel detectors and therefore Pixel based tracks and primary
vertices are identified. At this level a first b-tag selection can be achieved.
• the final level, Level 3, uses Strip detectors too. Thus, tracks are reconstructed with
higher resolution but at the expense of the timing. What already done at Level 2.5 can
now be evaluated more precisely using the new tracks. Moreover, at this stage all the
additional and more complex selections (i.e. Particle Flow) can be performed.
3 Objects reconstruction
The identification of all the particles coming from the interaction point between the two
proton beams occurs using the informations provided by the CMS sub-detectors, described
in the previous Chapter. In the first place the CMS detector and its hardware components
record electronic signal which will be converted into physical information. From the raw
outputs the identification of physics objects (such as electrons, muons, neutrinos and jets)
takes place thanks to the reconstruction and the combination of high level objects (tracks,
vertices, calorimeter clusters). The identification procedure of physics objects is described in
this Chapter.
3.1 Track reconstruction
In an uniform axial magnetic field the trajectory of a charged particle is an helix. Five param-
eters are needed to describe a track:
• d0: impact parameter, i.e. the radial distance of closest approach to the z-axis in the
transverse plane;
• z0: the z coordinate of the point of closest approach;
• c: helix curvature, defined as c = q/r, where r is the radius of the helix and q is the
particle charge;
• φ0: φ azimuthal angle of the particle trajectory at the point of closest approach to the
z-axis;
• λ: helix pitch, i.e. cot(θ), where θ is the polar angle of the particle at the point of its
closest approach to the z-axis.
The equations describing the helix arex = r sinφ − (r − d0) sinφ0y =−r cosφ + (r + d0) cosφ0
z = z0+ sλ
(3.1)
where s is the projected length along the track, r= 1/c and φ = cs+ φ0. The reconstruction of
a charged particle trajectory consists in determining the above parameters through an helical
fit of a set of spatial measurements (hits) reconstructed in the tracking detectors by tracking
algorithms (described in the next Subsection).
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3.1.1 Tracking algorithm
The first step of the reconstruction process is referred to as local reconstruction. It consists
of the clustering of signals above specified thresholds in pixel and strip channels into hits,
and then estimating the cluster positions and their uncertainties. Track reconstruction refers
to the process of using the hits, obtained from the local reconstruction described in section
3, to obtain estimates for the momentum and position parameters of the charged particles
responsible for the hits (tracks).
The tracking software at CMS is commonly referred to as the Combinatorial Track Finder
(CTF), which is an adaptation of the combinatorial Kalman filter [48, 49, 50] , which in turn
is an extension of the Kalman filter [51] to allow pattern recognition and track fitting to occur
in the same framework. The collection of reconstructed tracks is produced by multiple passes
(iterations) of the CTF track reconstruction sequence, in a process called iterative tracking
[40]. The basic idea of iterative tracking is that the initial iterations search for tracks that
are easiest to find. After each iteration, hits associated with tracks are removed, thereby
reducing the combinatorial complexity, and simplifying subsequent iterations in a search for
more difficult classes of tracks.
Iteration 0, the source of most reconstructed tracks, is designed for prompt tracks (originating
near the pp interaction point) with pT > 0.8 GeV that have three pixel hits. Iteration 1 is used
to recover prompt tracks that have only two pixel hits. Iteration 2 is configured to find low-
pT prompt tracks. Iterations 3-5 are intended to find tracks that originate outside the beam
spot (luminous region of the pp collisions) and to recover tracks not found in the previous
iterations.
Each iteration proceeds in four steps:
1. Seed generation provides initial track candidates found using only a few hits, defining
the initial estimate of the trajectory parameters and their uncertainties. Seed can be
obtained externally to the tracker using inputs from other detectors (in this case the
precision is generally poor) and internally. In this case each seed is composed from the
set of reconstructed hits that are supposed to come from one charged particle track.
Since 5 parameters are needed to start trajectory building, at least 3 hits, or 2 hits and
a beam constraint, are necessary.
2. Track finding is based on a Kalman filter. The filter begins with a coarse estimate of the
track parameters provided by the trajectory seed, and then builds track candidates by
adding hits from successive detector layers, updating the parameters at each layer. It
extrapolates the seed trajectories along the expected flight path of a charged particle,
searching for additional hits that can be assigned to the track candidate.
3. The track-fitting module is used to provide the best possible estimate of the parameters
of each trajectory by means of a Kalman filter and smoother. For each trajectory, the
track-finding stage yields a collection of hits and an estimate of the track parameters.
However, the full information about the trajectory is only available at the final hit of the
trajectory (when all hits are known). The fit then proceeds in an iterative way through
the full list of hits, from the inside outwards, updating the track trajectory estimate
sequentially with each hit.
4. Track selection sets quality flags, discards tracks that fail certain specified criteria and
cure most probably combinatorial fakes.
3.1.2 Vertex reconstruction
The identification of vertices plays an important role in event reconstruction: precise coordi-
nates of the primary event vertices are needed to assign tracks to collisions and to determine
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the event kinematics. Secondary vertices are tools for identifying long-lived particles like
heavy flavor hadrons and τ leptons. Multiple overlapping events with high track density and
particle interactions in the tracking volume are the main challenges for vertex reconstruction.
The goal of primary-vertex reconstruction is to measure the location, and the associated un-
certainty, of all proton-proton interaction vertices in each event, including the "signal" vertex
and any vertices from pileup collisions, using the available reconstructed tracks. It involves
two steps: vertex finding and vertex fitting. The first involves grouping tracks into vertex
candidates considering the z coordinate of closest approach to the beam axis. In this step
pixel hit triplets are collected and the pixel "tracklets" parameters are evaluated using a he-
lix approximation. Next, vertex fitting involves determining the best estimate of the vertex
parameters for a given set of tracks, as well as indicators of the fit quality. The most often
used algorithm for vertex fitting is the Kalman filter, mathematically equivalent to a global
least-squares minimization. The final algorithm generally used in CMS is the Adaptive Vertex
Fitter (AVF), which is an iterative re-weighted fit which down-weights tracks according to
their reduced (χ2) distance from the vertex.
3.2 Muon reconstruction
The CMS experiment features excellent muon reconstruction [52] and identification efficien-
cies thanks to the tracker and the muon chambers. Reconstruction algorithm are based on the
local muon reconstruction, that is restricted to a small detector area, making more agile the
reconstruction procedure and improving timing performances [53].
In the standard CMS reconstruction, muon tracks are first reconstructed independently in the
inner tracker (tracker track) and in the muon system (standalone-muon track) [54]. Based on
these objects, two reconstruction approaches are used:
1. Global Muon reconstruction (outside-in). For each standalone-muon track, a matching
tracker track is found by comparing parameters of the two tracks propagated onto a
common surface. A global-muon track is fitted combining hits from the tracker track
and standalone-muon track, using the Kalman-filter technique. At large transverse mo-
menta, the global-muon fit can improve the momentum resolution compared to the
tracker-only fit.
2. Tracker Muon reconstruction (inside-out). In this approach, all tracker tracks with pT ≥
0.5 GeV and total momentum p≥ 2.5 GeV are considered as possible muon candidates
and are extrapolated to the muon system taking into account the magnetic field, the av-
erage expected energy losses, and multiple Coulomb scattering in the detector material.
If at least one muon segment (i.e., a short track stub made of DT or CSC hits) matches
the extrapolated track, the corresponding tracker track qualifies as a Tracker Muon.
Tracker Muon reconstruction is more efficient than the Global Muon reconstruction at low
momentum, p≤ 5 GeV, because it requires only a single muon segment in the muon system,
whereas Global Muon reconstruction is designed to have high efficiency for muons penetrat-
ing through more than one muon station and typically requires segments in at least two muon
stations.
About 99% of muons produced in pp collisions within the geometrical acceptance of the muon
system and having sufficiently high momentum are reconstructed either as a Global Muon or a
Tracker Muon, and very often as both, thanks to the high efficiency of the tracker-track recon-
struction and the very high efficiency of reconstructing segments in the muon system,. Candi-
dates found both by the Global Muon and the Tracker Muon approaches that share the same
tracker track are merged into a single candidate. Muons reconstructed only as standalone-
muon tracks have worse momentum resolution the Global and Tracker Muons and are usually
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not used in physics analysis.
In order to identify muons three identification selections are used:
1. Soft Muon selection. This selection requires the candidate to be a Tracker Muon, with
the additional requirement that a muon segment is matched in both x and y coordinates
with the extrapolated tracker track. This selection is mainly used for quarkonia and
B-physics analysis.
2. Tight Muon selection. For this selection, the candidate must be reconstructed outside-
in as a Global Muon with the χ2/d.o. f . of the global-muon track fit less than 10 and
at least one muon chamber hit included in the global-muon track fit. In addition, its
corresponding tracker track is required to be matched to muon segments in at least two
muon stations (this implies that the muon is also reconstructed inside-out as a Tracker
Muon), use more than 10 inner-tracker hits (including at least one pixel hit), and have
a transverse impact parameter |dx y |< 2 mm with respect to the primary vertex.
3. Particle Flow selection. The CMS particle-flow event reconstruction algorithm combines
information from all CMS subdetectors to identify and reconstruct individual particles
like electrons, hadrons or muons, as already explained more in detail in Section 3.4. For
muons, the particle-flow approach applies particular selection criteria to the muon can-
didates reconstructed with the Global and Tracker Muon algorithms described above.
Depending on the environment of the muon (for example, whether it is isolated or not)
the selection criteria are adjusted making use of informations from other subdetectors
(for example, the energy deposition in the calorimeters). In general, the selection is
optimized in order to identify muons within jets with high efficiency, while maintaining
a low rate or the misidentification of charged hadrons as muons.
3.3 Electron reconstruction
The basic principles of offline electron reconstruction [55] rely on a combination of the energy
measured in the electromagnetic calorimeter and the track reconstructed with the tracking
detector. Electrons traversing the silicon layers of the tracker radiate bremsstrahlung photons
and the energy reaches the ECAL with a significant spread in the azimuthal direction φ. For
an electron produced within CMS, the effect induced by radiation of photons can be large:
on average, 33% of the electron energy is radiated before it reaches the ECAL where the
intervening material is minimal (η ∼ 0), and about 86% of its energy is radiated where the
intervening material is the largest (|η| ∼ 1.4). To measure the initial energy of the electron
accurately, it is essential to collect the energy of the radiated photons that mainly spreads
along the φ direction because of the bending of the electron trajectory in the magnetic field.
3.3.1 Reconstruction algorithms
In order to take into account the φ spread and collect the bremmstrahlung energy, super-
clusters in ECAL are designed. There are two main clustering algorithms used: the hybrid
algorithm in the barrel, and the multi-5× 5 in the endcaps, are used.
hybrid algorithm It exploits the geometry of the ECAL barrel and properties of the shower
shape, collecting the energy in a small window in η and an extended window in φ [56]. The
starting point is a seed crystal, defined as the one containing most of the energy deposited in
any considered region, that has a minimum ET of ET, seed > 1GeV. Arrays of 5×1 crystals η×φ
are added around the seed crystal, in a range of 17 crystals in both directions of φ, if their
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energies exceed a minimum threshold of 0.1 GeV. The contiguous arrays are grouped into
clusters, with each distinct cluster required to have a seed array with energy greater than a
threshold of 0.35 GeV in order to be collected in the final global cluster, called the supercluster
(SC).
multi-5 × 5 It is used in the ECAL endcaps, where crystals are not arranged in an η × φ
geometry. It starts with the seed crystals, the ones with local maximal energy relative to their
four direct neighbors, which must fulfill an ET requirement of ET, seed >0.18 GeV. Around these
seeds and beginning with the largest ET, the energy is collected in clusters of 5×5 crystals,
that can partly overlap. These clusters are then grouped into an SC if their total ET satisfies
ET, cluster > 1 GeV, within a range in η± 0.07 and a range in φ± 0.3 around each seed crystal.
Tracker reconstruction In order to reconstruct the electrons, the Gaussian-Sum Filter [57] is
used instead of the usual Kalman Filtering. It is a dedicated algorithm which better deals with
the non-Gaussian energy losses due to the bremmstrahlung in the outwards track propagation,
using all the informations given by the tracker and also calorimeter informations in order to
restrict the usage to electron candidate. Track can be reconstructed starting from the ECAL
seeds (ECAL-driven seeding) or starting from the tracker (tracker-driven). In the former case,
an ECAL supercluster (SC), that is a group of clusters of energy deposits in the calorimeter, is
build. Then the information about the characteristic width in η and φ of the electron cluster
is taken into account. Afterwards, the supercluster position is used to make a match to tracker
seeds, and finally a global fit is performed, using an appropriate modelling of energy loss in
the tracker material. On the other hand, within the tracker-driven method, the track is fitted
starting from the tracker hits, and afterwards the calorimeter information is added.
3.3.2 Selection, isolation and photon conversion rejection
Electron identification relies on a set of variables with fixed thresholds, determining a working
point and with associated efficiency in rejecting fake electrons and selecting the signal ones.
The used variables are:
• ESC/pin: ratio between the supercluster energy and the track transverse momentum
measured at the production vertex;
• ∆φ and ∆η: angular distance between the supercluster position and the track impact
point at inner ECAL surface;
• H/ESC: ratio between the energy measured at the HCAL tower corresponding to the
supercluster and the supercluster energy. It is an hadronic veto selection;
• σηη: lateral extension of the shower along the η direction;
• d0 and dz: impact parameter of the electron, are required to be small for the electron to
originate from the vertex of interest.
A significant fraction of background to isolated primary electrons is due to misidentified jets
or to genuine electrons within a jet resulting from semileptonic decays of b or c quarks. In
both cases, the electron candidates have significant energy flow near their trajectories, and
requiring electrons to be isolated from such nearby activity greatly reduces these sources of
background. Two isolation techniques are used at CMS. The simplest one is referred to as
detector-based isolation, and relies on the sum of energy depositions either in the ECAL or in
the HCAL around each electron trajectory, or on the scalar sum of the transverse momentum
of all tracks reconstructed from the collision vertex. Most of the offline analysis, however,
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benefit from the PF technique for defining isolation quantities. Rather than using energy
measurements in independent subdetectors, the isolation is defined using the PF candidates
reconstructed with a momentum direction within some chosen cone of isolation.
In order to reject secondary electrons coming from photon conversion in the material, CMS
algorithms exploit the pattern of track hits. When photon conversions take place inside the
volume of the tracker, the first hit on electron tracks from the converted photons is often not
located in the innermost layer of the tracker, and missing hits, are therefore present in that
region. For prompt electrons, whose trajectories start from the beamline, no missing hits are
expected in the inner layers. In addition to the missing hits, photon conversion candidates
can also be rejected using a fit to the reconstructed electron tracks.
3.4 Particle Flow
The Particle-Flow (PF) event reconstruction [58, 59, 60] aims at reconstructing and identify-
ing all stable particles in the event (electrons, muons, photons, charged hadrons and neutral
hadrons) with a thorough combination of all CMS sub-detectors towards an optimal determi-
nation of their direction, energy and type. Moreover, with the particle flow algorithm complex
objects as jets, missing transverse energy and lepton τ can be reconstructed and identified.
The ingredients for an efficient PF algorithm arise from these principles: to maximize the
separation between charged and neutral hadrons and a good calorimeter granularity are of
primary importance.
The CMS PF algorithm relies on an efficient and pure track reconstruction, on a clustering
algorithm able to disentangle overlapping showers, and on an efficient link procedure to con-
nect together the deposits of each particle in the sub-detectors. Simplifying, the algorithm
can be described as follows. The tracks are extrapolated through the calorimeters, if they fall
within the boundaries of one or several clusters, the clusters are associated to the track. The
set of track and cluster(s) constitute a charged hadron and the building bricks are not consid-
ered anymore in the rest of the algorithm. The muons are identified beforehand so that their
track does not give rise to a charged hadron. The electrons are more difficult to deal with.
Indeed, due to the frequent Bremsstrahlung photon emission, a specific track reconstruction is
needed as well as a dedicated treatment to properly attach the photon clusters to the electron
and avoid energy double counting. Once all the tracks are treated, the remaining clusters
result in photons in case of the electromagnetic calorimeter (ECAL) and neutral hadrons in
the hadron calorimeter (HCAL).
Once all the deposits of a particle are associated, its nature can be assessed, and the informa-
tion of the sub-detectors combined to determine optimally its four-momentum.
The resulting list of particles, namely charged hadrons, photons, neutral hadrons, electrons
and muons, is then used to reconstruct the jets, the missing transverse energy (MET), to re-
construct and identify the taus from their decays products and to measure the isolation of the
particles.
3.5 Missing Transverse Energy reconstruction
The missing transverse energy [61] is an essential variable, useful to identify neutrinos, with
do not interact with the detectors. Depending on how the MET is reconstructed, multiple
collections exist:
• CaloMET (Calorimeter MET): it is calculated using the energies contained in calorimeter
towers and their directions relative to the center of the detector. The sum excludes
energy deposits below noise thresholds but is corrected for the calorimeter deposits of
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muons, when they are present, by adding their momentum to the sum. It is expressed
using the energies contained in calorimeter towers and their directions relative to the
center of the detector
~/ET =−
∑
n

Ensinθn cosφn iˆ+ Ensinθn sinφn jˆ

(3.2)
where En is the energy deposited in the cell n, iˆ and jˆ are the versors of the x and y axis
respectively and θn and φn are the polar and azimuthal angles of the calorimetric tower
n. The MET is the module of the vector defined in Equation 3.2.
• TcMET (Track Corrected MET): in addition to the informations obtained from the calorime-
ters, also the tracker is exploited, giving a better measure of the MET.
• PfMET (Particle Flow MET): the Particle Flow algorithm is used. This procedure exploits
informations coming from all the sub-detectors and determines the MET as the negative
vectorial sum of the reconstructed particles transverse momentum. It is expressed as
the sum over all observed final-state PF particles:
~/ET =−
∑
n
~pT (3.3)
3.6 Jets reconstruction
The color-carrying quarks and gluons, created in the scattering process, undergo the hadroniza-
tion process producing collimated bunches of colorless hadrons which keep track of the energy
and the direction of the originating parton. Under the experimental point of view, the result-
ing shower of particles appears as a large energy deposit in a localized area of the detector.
In CMS three jets collections are used: CaloJet, TrackJet and PFJet. Moreover, in order to
reconstruct jets, CMS developed several different jet reconstruction algorithms.
3.6.1 Collections
CaloJet Calorimeter jets [62] are reconstructed using energy deposits in calorimeter towers
("CaloTowers") as inputs: they are composed of one or more HCAL cells and corresponding
ECAL crystals. The unweighted sum of energy deposits of one single HCAL cell and 5x5 ECAL
crystals form a projective tower in the barrel (|η| < 1.4). A more sophisticated association
between HCAL cells and ECAL crystals is required in the forward region. Calorimeter jets
are expected to yield a good description of both the parton-level and the hadron showers
emerging from the hard interaction.
TrackJet Tracks jets [63] are reconstructed using only charged tracks. Due to the strong
inner CMS magnetic field, CaloTowers fail to collect the energy of low momentum charged
particles which do not reach the calorimeter. In this case the tracker is more efficient than
the calorimeter is when doing the momentum measurement. Thanks to the very good spatial
resolution the charged tracks picture of a multi-jet event are cleaner than the CaloTower
picture. On the other hand, the TrackJet collection is not suggested in order to measure the
energy of jets, due to the worse resolution with respect to CaloJet and PFJet.
PFJet Particle Flow jets [58, 59] are reconstructed making use of the Particle Flow algo-
rithm. The typical jet energy fractions carried by charged particles, photons and neutral
hadrons are 65%, 25% and 10% respectively. These fractions ensure that 90% of the jet en-
ergy can be reconstructed with good precision by the particle-flow algorithm, both in value
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and direction, while only 10% of the energy is affected by the poor hadron calorimeter reso-
lution and by calibration corrections of the order of 10% to 20%. Particle Flow jets provide
the best energy resolution and are the standards used in CMS.
3.6.2 Algorithms
Two broad classes of jet definition are generally advocated for hadron colliders. One option
is to use sequential recombination jet algorithms, such as the kT algorithm, which introduces
a distance measure between particles, and repeatedly recombine the closest pair of particles
until some stopping criterion is reached. Alternatively, cone jet algorithms are used. Cone jet
algorithms (such as iterative cone) are inspired by the idea of defining a jet as an angular cone
around some direction of dominant energy flow. To find these directions of dominant energy
flow, cone algorithms usually take some (or all) of the event particles as seeds, i.e. trial cone
directions. Then for each seed they establish the list of particles in the trial cone, evaluate the
sum of their 4-momenta, and use the resulting 4-momentum as a new trial direction for the
cone. This procedure is iterated until the cone direction no longer changes, i.e. until one has
a stable cone.
There are two important requirements that the algorithm should satisfy. It should be collinear-
safe, such that the outcome remains unchanged if e.g. the energy carried by a single particle
is instead distributed among two collinear particles. The algorithm should be infrared-safe,
such that the result of the jet finding is stable against the addition of soft particles.
The most important reconstruction algorithms used by CMS are:
• Iterative Cone It is a simple cone-based algorithm employed by CMS online in the High
Level Trigger (HLT). Calorimeter towers or particles with ET > 1 GeV are considered in
descending order as starting points for an iterative search for stable cones such that all
inputs with
p
∆η2+∆φ2 ≤ R from the cone axis are associated with the jet, R being
the cone size parameter. A cone is considered stable if its geometric center agrees with
the (η,φ) location of the sum of the constituent four vectors within a certain tolerance.
Once a stable cone is found, it is declared a jet and its constituents are removed from
the remaining inputs. The algorithm is neither collinear- nor infrared-safe.
• kT It is a clustering algorithm [64, 65] and it is both infrared and collinear-safe by
construction. It is implemented as follows:
1. for each particle i and for each pair of particles i and j two distances are calculated:
– the distance between the particle i and the beam B
diB = k
2p
T,i (3.4)
where kT,i is the transverse momentum of particle i;
– and the distance between the two particle i and j
di, j =min

k2pT,i , k
2p
T, j
 ∆R2i, j
D2
(3.5)
where∆R2i, j = (yi− y j)2+(φi−φ j)2 (yi andφi being the rapidity and azimuth
of particle i), D is a parameter related to the typical size of the jet (usually
between 0.4 and 1), and p = 1 in the regular kT jet algorithm, p = 0 in the
Cambridge/Aachen jet algorithm and p =−1 in the Anti-kT jet algorithm.
2. the algorithm checks the smallest value among di,B and di, j: if it is di,B the first
object is removed from the list of candidates and inserted into the list of jets, while
if it is di, j the two candidate jets are merged;
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3. the procedure is repeated until all jets are found.
At LHC the most recommended algorithm is the Anti-kT and it is also the one used in this
analysis due to its good properties for dijet mass reconstruction.
3.6.3 Jet energy corrections
The four-momentum assigned to a jet must be corrected to account for detector defects and
reconstruction algorithm imperfections [66]. In order to convert the measured transverse
jet energy into the transverse energy of the partons, a set of corrections to the measured
jet energy has been developed. CMS developed a factorized multi-level jet correction [67],
shown schematically in Figure 3.1.
Figure 3.1: Schematic picture of the factorized multi-level jet correction, in which corrections
to the reconstructed jet are applied in sequence to obtain the final calibrated jet. Required
correction levels are shown in solid boxes and optional correction levels are shown in dashed
boxes [67].
The correction must be applied in the following fixed sequence:
1. Offset: removal of pile-up and residual electronic noise;
2. Relative η: variations in jet response with η relative to control region;
3. Absolute pT: correction to particle level versus jet pT in control region;
4. EMF: correct for energy deposit fraction in electromagnetic calorimeter;
5. Flavor: correction to particle level for different types of jet;
6. Underlying event: luminosity independent spectator energy in jet;
7. Parton: correction to parton level.
3.6.4 b-tagging
The identification of b-jets is a crucial element characterizing a large variety of Standard
Model Process, including the decay H → bb¯. The hard fragmentation, long lifetimes and
high masses of B hadrons, and the relatively high fraction of semileptonic decays distinguish
these jets from those originating from gluons, light quarks and also from c-quarks. As a conse-
quence, the ability to accurately identify b-jets is crucial in reducing the otherwise overwhelm-
ing background to these channels from processes involving jets coming from the hadronization
of different quarks or gluons [68].
A variety of reconstructed objects - tracks, vertices and identified leptons - can be used to build
observables that discriminate between b and light-parton jets. In order to identify the b-jets,
the most used parameters are the track impact parameter (IP) (sketched in Figure 3.2) and
the secondary vertex. The former is defined as the distance between the track and the primary
interaction vertex (PV) at the point of closest approach. The IP is calculated in 3 dimensions
thanks to the good x-y-z resolution provided by the pixel detector. The IP is Lorentz invariant
and its typical scale is set by cτb ∼ 480 µm. In practice, the impact parameter significance
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IP/σ(IP) is a very used parameter and it takes into account resolution effects. Thanks to the
long lifetime of the b-hadrons the IP from b-jets is expected to be mainly positive, while for
the light jets it is almost symmetric with respect to zero. The former parameter, the secondary
vertex, is defined as point where the b hadron decays (as described in 3.1.2) and it is possible
to reconstruct it thanks to the high resolution of the CMS tracking system.
Figure 3.2: Representation (not to scale) of an hadronic jet originating from a b-quark.
Several b-tagging algorithms are used in CMS [69, 70]. Each algorithm provides as output a
discriminator value on which the user can cut on to select different regions in the efficiency
versus purity phase space.
• the track counting algorithm identifies a b-jet if there are at least N tracks with a sig-
nificance of the impact parameter above a given threshold. The tracks are ordered in
decreasing IP/σ (IP) and the discriminator is the impact parameter significance of the
Nth track . To get an high b-jet efficiency we can use the IP/σ (IP) of the second track
(TCHE), to select b-jets with high purity the third track is the better choice (TCHP).
• the Jet Probability algorithm relies on the IP/σ(IP) measurement of all tracks in a jet.
One can use the negative tail of the IP/σ(IP) distribution to extract the probability
density function (PDF) for tracks not coming from b/c-jets. By integrating on the PDF,
we can compute the probability for tracks to originate from the PV. Then, combining the
probability of the tracks, we can assign to the jet a probability to come from the PV. The
JetBprobability is then defined in a similar way but giving more weight to the four most
displaced tracks.
• the Soft-Lepton tagging algorithms rely on the properties of muons or electrons from
semileptonic b-decay. Due to the large b-quark mass, the momentum of the muon trans-
verse to the jet axis, prelT , is larger for muons from b-hadron decays than for muons in
light flavor jets.
• the Secondary Vertex tagging algorithms rely on the reconstruction of at least one sec-
ondary vertex. The significance of the 3D flight distance is used as a discriminating
variable. Two variants based on the number of tracks at SV are considered: N≥2 for
high efficiency (SSVHE), and N≥3 for high purity (SSVHP). The combined secondary
vertex algorithm (CSV) [71] includes this information and provides discrimination even
when no secondary vertices are found.
The performance of the algorithms described above is summarized in Figure 3.3 where the
predictions of the simulation for the misidentification probabilities (the efficiencies to tag non-
bjets) are shown as a function of the b-jet efficiencies.
It appears that the CSV algorithm is the one with the best performances and is the most used
in the CMS b-tagging analysis, including the one discussed in this thesis.
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Figure 3.3: Performance curves obtained from simulation for the algorithms described in the
text. (a) light-parton-jet and (b) c-jet misidentification probabilities as a function of the b-jet
efficiency. Jets with pT > 60 GeV in a sample of simulated multijet events are used to obtain
the efficiency and misidentification probability values [71].
Part II
Analysis at 8 TeV
53
4 Searches for Higgs to bb¯ in CMS
As already discussed in Chapter 1, the dominant Standard Model Higgs boson decay mode for
mH ≤ 135 GeV is in a bb¯ pair. Moreover, the dominant production mechanism at LHC is Gluon
Fusion (GF), followed by Vector Boson Fusion (VBF). The third largest Higgs production cross
section is expected from the VH production, which is followed by the ttH mechanism.
Due to the irreducible and overwhelming background from QCD production of b quarks, the
inclusive observation of the SM Higgs boson decaying to bb pairs is not imaginable in proton
collisions. Therefore the observation of the bb¯ decay channel is pursued in the VH, VBF and
ttH production modes, exploiting their peculiar signal topologies.
In the following Section 4.1 features and results for the search of the SM Higgs produced in
association with a vector boson are presented, and in Section 4.2 the analysis searching for the
Higgs produced with a top-quark is described. More details are given for the event selection,
event reconstruction and for the tools exploited in the vector boson fusion production channel.
They are presented in Section 4.3.
4.1 Associated Vector Boson Production (VH)
At the LHC the most sensitive channel for the search of the standard model Higgs boson in
the bb¯ decay is the associate production with a vector boson V, where V is either a W or a
Z boson. The search is performed in data samples corresponding to integrated luminosities
of 5.1 fb−1 at ps= 7 TeV and up to 18.9 fb−1 at ps = 8 TeV [72]. The following six sub-
channels are included in the search: W(µν)H, W(eν)H, W(τν)H, Z(µµ)H, Z(ee)H, Z(νν)H.
Backgrounds arise from production of W and Z bosons in association with QCD jets, singly
and pair-produced top quarks (tt), dibosons and QCD multijet processes.
A typical Feynman diagram for VH production with H→ bb¯ is shown in Figure 4.1.
q
q¯
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b¯
b
H
l,ν
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Figure 4.1: Typical Feynman diagram for VH production.
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4.1.1 Event selection
The event selection is based on the kinematic reconstruction of the vector bosons in their
leptonic decay modes and of the Higgs boson decay into two b-tagged jets. Backgrounds are
substantially reduced by requiring a significant boost of the pT of the vector boson, pT(V ), and
the Higgs boson. In that case the H and V systems recoil away from each other with a large
azimuthal opening, ∆φ(V, H), between them. For each channel, different regions of pT(V )
boost are considered. Due to different signal and background composition, each boost region
has different sensitivity and the analysis is performed separately in each region. The results
from all regions are then combined for each sub-channel.
Candidate W→ lν decays are identified by requiring the presence of a single isolated lepton
(e or µ) and additional missing transverse energy. On the other hand, candidate Z → l l
decays are reconstructed by combining isolated, opposite charged pairs of electrons or muons
and requiring the dilepton invariant mass to satisfy 75 < ml l < 105 GeV. The identification
of Z → νν decays requires the EmissT to exceed optimized threshold. The reconstruction of
the H to bb¯ decay is made by requiring the presence of two central jets above a minimum pT
threshold, and tagged by the CSV. After the event selection criteria, the dijet invariant mass
resolution of the two b-jets from the Higgs decay is approximately 12%. The Higgs boson
mass resolution is improved by applying regression techniques: a further correction, beyond
the standard CMS jet energy corrections, is computed for individual b-jets in an attempt to
recalibrate to the particle level energy.
In the final stage of the analysis, to better separate signal from background under different
Higgs boson mass hypotheses, a Boosted Decision Tree (BDT) discriminant is trained sepa-
rately at each mass value using simulated samples for signal and all background processes
that pass the event selection described above. The distribution of the BDT discriminant is the
final discriminant on which a fit is performed to search for events resulting from Higgs boson
production.
4.1.2 Results
Results are obtained from combined signal and background fits to the shape of the output
distributions of the BDT discriminants trained separately for each channel and for each Higgs
boson mass hypothesis in the 110-135 GeV range.
The results of all channels, for all pT(V ) bins and for both the 7 TeV and the 8 TeV data, are
combined to obtain 95% confidence level upper limits on the product of the VH production
cross section times the H→ bb¯ branching ratio, with respect to the expectations for a standard
model Higgs boson (σ/σSM). The observed limits at each mass point, the median expected
limits, and the 1σ and 2σ bands are calculated using the modified frequentist CLs method
[73, 74, 75]. Figure 4.2 displays the results. In the mass range studied, the observed 95% CL
upper limits vary from 1.1 to 3.1 times the standard model prediction, and the corresponding
expected limits vary from 0.7 to 1.5. At a Higgs boson mass of 125 GeV the observed limit is
1.89 and the expected limit is 0.95.
For all channels an excess of events over the expected background contributions is indicated by
the fits of the BDT output distributions. The probabilities (p-values) that the observed excess
is due to background fluctuations alone, as a function of the Higgs boson mass hypothesis,
are shown in Figure 4.2. For a mass of 125 GeV the excess of observed events is 2.1 standard
deviations, and is consistent with the standard model prediction for Higgs boson production.
The most likely value of the production cross section for a 125 GeV Higgs boson, relative to the
standard model cross section (signal strength), is extracted through a Maximum Likelihood
fit for each channel and for all channels combined. The fitted signal strength are shown in
Figure 4.3. The observed signal strengths for the individual modes are consistent with each
other and the value for the signal strength for all modes combined is 1±0.5. The dependency
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of the combined signal strength on the value assumed for the Higgs boson mass is shown in
the left panel of Figure 4.3.
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Figure 4.2: (left) Expected and observed 95% CL upper limits on the product of the VH
production cross section times the H→ bb¯ branching ratio, with respect to the expectations
for a standard model Higgs boson. The limits are combined for the 2011 7 TeV and the 2012 8
TeV data. The red dashed line represents the expected observed limits obtained from replacing
the data with the sum of expected background and signal for a Higgs boson at a mass of 125
GeV. (right) p-values for background fluctuations to account for the observed excess of events
in the data.[72]
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Figure 4.3: (left) The most likely value of the production cross section for a 125 GeV Higgs
boson, relative to the standard model cross section, for each channel and for all channels
combined (band). (right) Combined signal strength for all modes as a function of the value
assumed for the Higgs boson mass. [72]
Gluon Fusion contribution
The additional contribution to the VH signal due to the Gluon Fusion production mode (see
Figure 4.4) was not initially included in the previous quoted and published results. The effect
of this contribution was examined later and is not affecting the signal significance results but
the fitted signal strength, which has been updated to µ= 0.89+0.43−0.43 [34].
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Figure 4.4: Feynman diagram for the Gluon Fusion production when a Z and a H bosons are
produced.
Figure 4.5: Values of the best-fit µ for the combination (solid vertical line) and for subcom-
binations by predominant decay mode and additional tags targeting a particular production
mechanism (VHbb is the second to last line) [34].
4.2 Associated Top-Pair Production (ttH)
This analysis searches for t¯tH (→ bb¯) which, in the context of further probing the properties
of the Higgs and testing for consistency with SM expectations, is interesting for a number of
reasons [76, 77]:
1. although the coupling between the top quark and the Higgs boson can be measured
indirectly in processes involving top quark loops, like Higgs production through gluon
fusion or Higgs decaying to photons, ttH production provides the only direct probe of
the top-Higgs coupling
2. ttH production can serve a similar role to the one played by other associated Higgs
production mechanisms, like VH and VBF, namely as a way to help isolate and measure
Higgs decays that would otherwise be overwhelmed by background, such as the decay
to bottom quarks.
A typical Feynman diagram for ttH production with H→ bb¯ is shown in Figure 4.6.
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Figure 4.6: A typical Feynman diagram for t¯tH production, including the subsequent decays
of the Higgs boson to b-quarks and the top-quarks pair to dileptons or semileptonic modes.
Events in the H→ bb¯ analysis are split into two different channels based on the decay modes
of the top-quark pair: the lepton+jets channel (t¯t→ lνqq¯′ bb¯, H→ bb¯) and the dilepton chan-
nel ( t¯t → l+ν l−ν¯bb¯, H→ bb¯). For the lepton+jets channel, events containing an energetic,
isolated lepton, and at least four energetic jets, are selected. Two or more of these jets must
be b-tagged. For the dilepton channel, a pair of oppositely charged leptons and three or more
jets, with at least two of the jets being b-tagged, are required.
Signal ttH events are generally characterized by a larger number of jets and of b-tags with
respect to the background processes. To improve the sensitivity of the analysis, the selected
events are separated into different categories based on the number of jets and b-tags. For the
lepton + jets channel, events are separated into the following categories: ≥ 6 jets + 2 b-tags,
4 jets + 3 b-tags, 5 jets + 3 b-tags, ≥ 6 jets + 3 b-tags, 4 jets + 4 b-tags, 5 jets + ≥ 4 b-tags,
and ≥ 6 jets + ≥ 4 b-tags. For the dilepton channel, events are separated into the categories
3 jets + 2 b-tags, ≥ 4 jets + 2 b-tags and ≥ 3 jets + ≥ 3 b-tags.
Boosted Decision Trees (BDT) are used to further improve signal-to-background separation in
all channels of the analysis.
A maximum likelihood fit is performed on the BDT output distributions from all of the cate-
gories and, as shown in Figure 4.7, a fitted signal strength of 0.7±1.8 is found, corresponding
to an observed (expected) significance of 0.4 (0.6) standard deviations [76].
A second alternative dedicated analysis has been recently pursued and completed with Run
1 data. In fact the signature of the events is quite spectacular, involving a large number and
variety of high pT final state particles, events are unfortunately not background-free. The
dominant background contribution is tt + jets and smaller background contributions come
from W+jets, Z+jets, single top quark, diboson and t¯t + W/Z production. Because the back-
grounds occur at a much larger rate than the ttH signal, additional separation between signal
and background must be achieved using one or more discriminating variables. In the VH
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Figure 4.7: Results of the search for the Standard Model Higgs boson produced in the ttH
production mode [76].
analysis, the most powerful discriminating variable is the invariant mass of the bb¯ pair, which
peaks near the Higgs mass for signal. By contrast, for ttH production with H→ bb¯, the pres-
ence of two additional b-quarks in the event creates combinatorial issues that prevents the
reconstruction of a clear resonant peak. In other words, although the definition of an effi-
cient estimator of the Higgs mass could play an important role in the attempt to separate the
signal from this huge background, the presence of two additional b–jets originating from the
top–quark decay introduces a combinatorial self–background. As a consequence, the optimal
search for t¯tH (→ bb¯) should, at the same time, mitigate the impact of the self–background
and separate the signal from the irreducible pp → t¯t + bb background. This goal can be
achieved using the Matrix Element Method (MEM) [78], which is a fully analytical multivari-
ate analysis attempting to solve the ambiguity arising from the combinatorial by giving more
importance to those combinations kinematically most compatible with the process of interest,
and at the same time it allows to define an optimal test-statistic that discriminates between
the signal and the background hypothesis.
The expected upper limit at a 95% CLs is µ < 3.3 under the background-only hypothesis. The
observed limit is µ < 4.2, corresponding to a best-fit value µˆ= 1.2+1.6−1.5.
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Figure 4.8: Results of the search for the Standard Model Higgs boson produced in the ttH
production mode with the Matrix Element Method [78].
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4.3 Vector Boson Fusion (VBF)
As shown in Figure 4.9, in the VBF process a valence quark of each one of the colliding
protons radiates a W or Z boson that subsequently interact or fuse. Each valence quark carries
on average 1/6 of the proton energy and in the radiation of the weak boson a t-channel four-
momentum with Q2 ∼ mZ2 , m2W is exchanged. In this way the two valence quarks are typically
scattered away from the beam line and inside the detector acceptance, where they can be
revealed as hadronic jets. The prominent signature of VBF is therefore the presence of two
energetic hadronic jets, roughly in the forward and backward direction with respect to the
proton beam line. As a result, in the case of a VBF Higgs production, the signal final state
features are a central b-quark pair (from the Higgs decay) and a light- quark pair (u,d-type)
from each of the colliding protons, in the forward and backward regions.
q q
W,Z
W,Z
H
b¯
b
q q
Figure 4.9: A typical Feynman diagram for VBF production.
The overwhelmingly most relevant and irreducible background to the signal search comes
from the QCD production of four jets events with true or mistagged b-jets. Generic QCD jets
have a steeply falling pT-spectrum and, in pairs, the dijet invariant mass m j j is also steeply
falling. This is in contrast with the signal invariant mass of the b-jet pair, that will peak at
the Higgs mass, and of the forward-backward jets tagging pair, that extends to relatively high
values (above 500 GeV ) due mostly to a large ∆η j j .
4.3.1 Simulated samples
Samples of simulated Monte Carlo (MC) signal and background events are used to guide the
analysis optimization and to estimate the signal yields. Different event generators have been
used to produce the MC samples. Signal VBF samples have been produced both with PYTHIA
6.4.26 [79] and with POWHEG [80], interfaced with PYTHIA and in both cases with TAUOLA
2.7 [81]. Signal GF samples have been generated alternatively with POWHEG or MADGRAPH
5.1.3.2 [82], both coupled to PYTHIA for showering and hadronization.
Background samples of QCD multijet, Z+jets, W+jets, and t¯t events have been simulated us-
ing MADGRAPH interfaced with PYTHIA. The background single-top samples were produced
using POWHEG, interfaced with PYTHIA and TAUOLA. When using PYTHIA the underlying
event (UE) parameters are set to the Z2Star tune [83]. The default set of parton distribu-
tion functions (PDF) used to produce the next-to-leading order (NLO) POWHEG samples is
CT10 [84], while the leading-order CTEQ6L1 set [85] is used for the other samples. The pro-
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duction cross sections for W+jets and Z+jets samples are rescaled to next-to-next-to-leading
order (NNLO) cross sections calculated using the FEWZ program [86, 87, 88]. The t¯t and
single-top samples are also rescaled to the cross sections from NNLO calculations [89, 90].
To simulate accurately the LHC luminosity conditions during the 2012 data taking, additional
pp interactions overlapping in the same or neighboring bunch crossing of the main interac-
tion, denoted as pileup interactions, are added to the simulated events with the distributions
corresponding to the data luminosity profile.
4.3.2 Trigger
The data used for this analysis were collected with two different trigger strategies.
1. A set of dedicated trigger paths was specifically designed and deployed for the VBF qqH
→ qqbb signal search, both for the L1 and HLT levels, and operated during the full 2012
data-taking period. This set of trigger, called nominal, collected the larger fraction of
the signal events.
2. A wider-purpose trigger was employed for the larger part of the 2012 data-taking that
targeted VBF signatures in general. Parked data were stored and were reconstructed
only during the LHC Long Shutdown in 2013. When available the role of this data has
been the increase of the statistics with events that failed the nominal trigger require-
ments.
The integrated luminosity collected with the first set of triggers was 19.8 fb−1, while for the
second trigger it was 18.2 fb−1.
dedicated trigger paths The L1 paths require the presence of three jets with pT above de-
creasing thresholds X, Y, Z that have been adjusted according to the instantaneous luminosity
(X = 64 - 68 GeV, Y = 44 - 48 GeV, Z = 24 - 32 GeV). Among the three jets, at most one among
the two pT leading jets can be in the forward region with pseudorapidity (2.6 < |η| < 5.2),
while the remaining two have to be central (|η|< 2.6).
The HLT paths are seeded by the L1 paths described above, and require the presence of four
jets with pT above thresholds that are again adjusted to the data-taking luminosity, pT > 75
- 82, 55 - 65, 35 - 48, and 20 - 35 GeV, respectively. At least one of the selected four jets
must further fulfill minimum b-tagging requirements, evaluated using alternatively the track
counting high efficiency (TCHE) or the combined secondary vertex (CSV) algorithms.
In order to identify the two VBF-tagging jets, two algorithms have been used:
1. the pair with the smallest HLT b-tagging values;
2. the pair with the maximum pseudorapidity opening.
wider purpose trigger paths The L1 paths for the general-purpose VBF trigger require min-
imum hadronic activity in the event with a scalar pT sum of 175 or 200 GeV, depending on
the instantaneous luminosity. The HLT path is seeded by the L1 path described above, and
requires the presence of at least two CaloJets with pT > 35 GeV. Out of all the possible jet
pairs in the event, with one jet lying at positive η and the other at negative, the pair with the
highest invariant mass is selected as the most probable VBF tagging pair. The corresponding
invariant mass m j j and absolute pseudorapidity difference |∆η j j| are required to be larger
than 700 GeV and 3.5, respectively.
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4.3.3 Offline event reconstruction and preselection
The offline analysis uses reconstructed charged-particle tracks and candidates of the Particle-
Flow algorithm. Jets are reconstructed by clustering the PF candidates with the anti-kT algo-
rithm with distance parameter 0.5. The reconstructed jets require a small additional energy
correction, mostly due to thresholds on reconstructed tracks and clusters in the PF algorithm
and various reconstruction inefficiencies. Jet identification criteria are also applied to reject
fake jets resulting from detector noise, as well as jets heavily contaminated with pileup energy
[91]. The identification of jets that likely originate from the hadronization of b quarks is done
with the CSV b-tagger.
The events used in the offline analysis are required to have at least four reconstructed jets.
All the jets found in an event are ordered according to their pT, and the four leading ones
are considered as the most probable b-jet and VBF jet candidates. The distinction between
the two jet types is done by the means of a multivariate discriminant that takes into account
the b-tag value, the b-tag ordering, the η value, and the η ordering. In the VBF H → bb¯
signal simulation it is found that the b-jets have higher b-tag values and are more central in
η than the VBF jets. A boosted decision tree is trained on simulated signal events using the
aforementioned discriminating variables and its output is used as a b-jet likelihood score: out
of the four leading jets in pT, the two with the highest score are identified as the b-jets, while
the other two are identified as the VBF jets.
The offline event selection is based upon the b-jet and VBF jet assignment described in the
previous section. Selected events are divided into two sets: set A and set B, whereof the selec-
tion requirements are shown in Table 4.1.
set A set B
trigger dedicated VBF qqH→ qqbb¯ general-purpose VBF trigger
pT,1,2,3,4 > 30GeV
jets pT pT,1,2,3,4 > 80,70, 50,40GeV
pT,1+ pT,2 > 160GeV
jets |η| < 4.5 < 4.5
b-tag at least 2 CSVL jets at least 1 CSVM and 1 CSVL jets
∆φbb < 2.0 < 2.0
mqq > 250GeV mqq, m
trig
jj > 700GeV
VBF topology
|∆ηqq|> 2.5 |∆ηqq|, |∆ηtrigjj |> 3.5
veto none events that belong to set A
Table 4.1: Summary of selection requirements for the two analysis sets.
After all the selection requirements, 2.3% of the VBF simulated signal events (mH = 125 GeV)
end up in set A, and 0.8% end up in set B. The fraction of events in set A that satisfy also the
requirements of set B (except for the set A veto) amounts to 39%.
4.3.4 Signal properties
Exploiting some characteristic properties of the studied final state, a significant improvement
of the overall sensitivity is obtained. First, the jet composition properties - as the particle
multiplicity and the internal distributions - are used in order to build a discriminant separating
jets coming from the hadronization of a quark or a gluon. In the region between the two VBF-
tagging jets (excluding the region in the bb¯ system), the QCD color exchange is suppressed and
the soft QCD activity is quantified in order to build a discriminating variables between signal
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and QCD background. Third, the resolution of mbb¯ is improved thanks to the application of a
multivariate jet energy calibration technique.
Discrimination between quark- and gluon-originating jets The VBF-tagging jets originate
from the hadronization of a light (u,d,s-type) quark, while the jets produced in QCD processes
are more likely to come from gluons. As a consequence, in order to further identify if the jet
pair with the smallest b-tagging values among the four selected jets is a signal event or a
background event, a quark-gluon discriminator [92, 93, 94] is applied to the b-tag sorted qq
candidate jets. The pull and RMS variables are calculated weighing each jet constituent with
its squared transverse momentum.
The discriminator exploits the differences in the showering and the fragmentation of gluons
and quarks and it uses, as an input to a likelihood trained on gluon and quark jets from
simulated QCD events, the following variables:
• the jet constituents’ major quadratic mean (RMS) in the η−φ plane;
• the jet constituents’ minor quadratic mean (RMS) in the η−φ plane;
• the jet asymmetry pull [95];
• the jet particle multiplicity;
• the maximum energy fraction carried by a jet constituent.
Figure 4.10 shows the normalized distribution of the quark-gluon likelihood for the first VBF
jet candidate), for background and signal events. As expected, the VBF signal events, domi-
nated by quark jets, have a pronounced peak at likelihood ∼ 0, while the background and the
GF events are enriched in gluon jets.
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Figure 4.10: Normalized distribution of the quark-gluon likelihood discriminant of the first
light-jet candidate. Quark jets are expected to have low likelihood values (closer to 0), while
gluon jets are expected to have higher ones (closer to 1). The selection corresponds to set A.
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Soft QCD activity In the region between the two VBF-tagging jets (with the exception of the
more centrally produced Higgs decay products), the QCD color flow is suppressed. In order
to measure the additional hadronic activity associated with the main primary vertex 1, only
charged tracks are used.
A collection of additional tracks is built, selecting reconstructed tracks that:
• have a high purity quality flag [96];
• have pT >300 MeV;
• are not associated to any of the four leading jets;
• have a minimum longitudinal impact parameter, |dz(PV )| with respect to the event’s
main primary vertex;
• satisfy |dz(PV )| < 2 mm and |dz(PV )| < 3σz(PV ) where σz(PV ) is the uncertainty on
dz(PV );
• are not in the region between the most b-tagged jets. This region is defined as an
ellipse in the η− φ plane arount the b-jets with axis (a, b) = (∆R(bb) + 1, 1) where
∆R=
p
(∆ηbb)2+ (∆φbb)2.
The additional tracks are then clustered in soft TrackJets within the anti-kT algorithm (with R
= 0.5). The use of TrackJets represents a clean and validated method [97] to reconstruct the
hadronization of partons with very low energies down to few GeV [98].
In order to discriminate between the signal and the QCD background, a discriminating vari-
able Hso f tT is used and it is defined as the scalar pT sum of the soft TrackJets with pT >1 GeV.
In Figure 4.11 the normalized distribution of Hso f tT , both for signal and background, is shown.
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Figure 4.11: Normalized distribution of the scalar pT sum ( HT ) of track jets that are associ-
ated to the soft QCD activity. The selection corresponds to set A.
1defined as the reconstructed vertex with the largest sum of squared transverse momenta of tracks that have
been used to reconstruct it.
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Jet transverse-momentum regression In order to improve the bb¯ mass resolution a regres-
sion technique, similar to the one used in the VH production channel, is applied. Beyond
the default jet-energy corrections, a refined calibration for individual b-jets which takes into
account the jet composition properties is applied. This regression technique mainly targets
semileptonic b decays that lead to a substantial mismeasurement of the jet pT due to the pres-
ence of an escaping neutrino.
For this purpose a regression BDT, implemented with the TMVA package [99] and trained on
simulated signal events is applied and its inputs include:
• the jet pT, η and mass;
• the jet-energy fractions carried by neutral hadrons and photons;
• the mass and the uncertainty on the decay length of the secondary vertex, when present;
• the event missing transverse energy and its azimuthal direction relative to the jet;
• the total number of jet constituents;
• the pT of the soft-lepton candidate inside the jet, when present, and its pT component
perpendicular to the jet axis;
• the pT of the leading track in the jet;
• the event’s average pT density in the y −φ space FastJet-ρ [100].
The improvement on the jet pT leads to an improvement on the dijet invariant mass resolution
by approximately 17%. Figure 4.12 shows the reconstructed dijet invariant mass of the b-jet
candidates from the Higgs boson decay before and after the regression, for events in set A.
The measured distribution of the regressed invariant mass in set A is shown in Figure 4.13.
 (GeV)bbm
60 80 100 120 140 160
)
-
1
 
(G
eV
bb
 
dN
/d
m
×
1/
N 
0
0.01
0.02
0.03
 = 125 GeV (set A)Hm
Regressed
Raw
PEAK = 125.8 GeV
FWHM = 27.0 GeV
PEAK = 123.5 GeV
FWHM = 32.8 GeV
CMS Simulation
Figure 4.12: Simulated invariant mass distribution of the two b-jet candidates before and after
the jet pT regression. The generated Higgs boson mass is 125 GeV and the event selection
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Figure 4.13: Distribution of the invariant mass of the two b-jet candidates, after the jet pT
regression, for the events of set A.
In order to check the b-jet energy regression a validation on data has been performed and it
is described more in detail in next Chapter.
5 Validation of the b-jet energyregression in Z + jets events
The regression technique, explained in Section 4.3.4, is validated with data sample of Z +
b-jet and Z + bb¯-jets events, combining the dimuon as well as the dielectron Z decay channel.
With respect to jets, leptons transverse momentum is very well reconstructed and, if the jet(s)
is back-to-back to the Z boson and little additional radiation is present in the event, the jet(s)
pT should balance the one of the leptons coming from the decay of the Z boson. Since the
regression technique gives a corrective factor for each b-jet, this validation basically consists
in the study of the agreement between the jet(s) pT and the leptons pT before and after the
application of the regression. In this way the improvements coming from the implementation
of this multivariate technique can be directly verified with data and the data to simulation
agreement can be verified too. A sketch of the expected situation investigated is presented in
Figure 5.1a when one b-jet is required and in Figure 5.1b when 2 b-jets are considered.
(a) Z→ ee,µµ + 1 b-jet. (b) Z→ ee,µµ + 2 b-jets.
Figure 5.1: Schematic draw of the Z + jets events.
In this Chapter the efforts performed in order to validate the regression input variables are
shown, followed by the description of the studies concerning the jet pT response. The bb¯
system invariant mass is also studied when Z + bb¯-jets events are considered.
Chapter 5. Validation of the b-jet energy regression in Z + jets events 68
5.1 Data samples and Monte Carlo
The Monte Carlo samples used for this validation are Drell-Yan (DY) productions; this process
is the main contribution to the selected final state, as it provides naturally two leptons and jets
from QCD radiation. The very minor contribution from t¯t has also been considered. Figure
5.2 shows the Feynman diagrams for both event sources.
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Figure 5.2: Feynman diagrams of the main contributing background processes.
For data we use the DoubleElectron and DoubleMu primary datasets. In detail the data samples
are introduced in Table 5.1, while the Monte Carlo samples used are shown in Table 5.2.
Process Sample name L [fb−1]
Z→ µµ
/DoubleElectron/Run2012A-22Jan2013-v1
/DoubleElectron/Run2012B-22Jan2013-v1
/DoubleElectron/Run2012C-22Jan2013-v1
/DoubleElectron/Run2012D-22Jan2013-v1
19.7
Z→ ee
/DoubleMu/Run2012A-22Jan2013-v1
/DoubleMu/Run2012B-22Jan2013-v1
/DoubleMu/Run2012C-22Jan2013-v1
/DoubleMu/Run2012D-22Jan2013-v1
19.7
Table 5.1: Data samples.
Process Sample name σ [pb] Nevents L [fb−1]
Drell-Yan /DYJetsToLL_M-50_TuneZ2Star_8TeV-madgraph-tarball/ 3532 30159504 8.5
t¯t /TTJets_MassiveBinDECAY_TuneZ2star_8TeV-madgraph-tauola/ 249.3 6923564 27.8
Table 5.2: Monte Carlo samples.
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5.2 Selection
In order to select only relevant data, a trigger selection has been applied and, furthermore,
selection requirements on the used objects and on the event topology have been included
even offline. In the following Subsections all the requirements are explained and detailed.
A summary of all the selection requirements applied is shown in Table 5.4. In Table 5.5 the
yields after the application of each selection cut are presented.
5.2.1 Trigger
Since the final state is composed by two same flavor leptons and at least one jet, this part
of the analysis is performed using the DoubleElectron and DoubleMu trigger datasets. They
require at least two electrons (muons) with pT threshold of 17 GeV for the leading lepton and
of 8 GeV for the subleading one, respectively. The trigger paths used are listed in Table 5.3.
Channel Trigger path
dielectron HLT_Ele17_CaloIdt_CaloIsoVL_TrkIdVL_TrkIsoVL_Ele8_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_v*
dimuon HLT_Mu17_Mu8_v*
Table 5.3: Trigger paths.
5.2.2 Offline selection
After the trigger section, events are fully reconstructed and selected offline as detailed in the
following.
Electron selection
Electrons are requested to satisfy the CMS tight identification criteria [55]. They are then
selected if pT > 20 GeV, |η|< 2.4. Their invariant mass must respect the condition |Mee−91|<
20 GeV and their charges must be opposite.
Muon selection
Muons are required to pass the tight identification criteria [52]. They are selected if pT > 20
GeV and |η| < 2.4. As for electrons, in order to reconstruct the Z boson, their invariant mass
should satisfy the condition |Mµµ − 91| < 20 GeV and the two leptons must have opposite
charge.
Jet selection
Jets are reconstructed from Particle-Flow candidates reconstructed in the event, using the
anti-kT clustering algorithm with distance parameter R = 0.5. Furthermore, other selection
criteria are:
• loose jet-id (to reject noise jets) [66];
• loose pile-up id (to suppress jets from pile-up) [91];
In this study we ask for jet coming from the hadronization of b-quarks and hence an additional
requirement is the medium CSV b-tagging (CSV > 0.679).
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Event selection
In order to have a correct balancing of the pT, the Z boson have to be back-to-back with re-
spect to the jet in in Z+1 b-jet events and with respect to the bb¯ system in Z+2 b-jets events;
this requirement is ensured with the conditions∆φ(Z, jet)> 2.5 and∆φ(Z, bb¯ system)> 2.5,
respectively. Finally, to avoid a hard jet radiation, if an additional jet is reconstructed, it must
either fail medium pile-up id criteria [91], or its pT be less than the maximum between 10
GeV and the 20% of the Z boson pT.
5.2.3 Z boson
Z candidates are formed from oppositely charged same flavor lepton pairs, with invariant mass
satisfying |mZ −Mll| < 20. An important check is the agreement between data and Monte
Carlo for the reconstruction of the Z boson mass peak, shown in Figure 5.3.
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Figure 5.3: Identification of the Z boson mass peak. (left) dielectron. (right) dimuon.
In the following only events around Z peak are selected and Monte Carlo events are normal-
ized to the data (shape comparisons).
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Selection Value Comments
Trigger
HLT_Ele17_CaloIdt_CaloIsoVL_TrkIdVL_TrkIsoVL_Ele8_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_v*
HLT_Mu17_Mu8_v*
Lepton selection
|η| threshold |η < 2.5|
PF Isolation < 0.15
pT threshold 20 GeV
Charge opposite charge
Invariant mass |Ml l − 91|< 20 GeV decay from Z
Electron fiducial |η| out of [1.4442, 1.556 ] avoid the ECAL gap
Jet selection
Pile Up ID loose
pT threshold 10 GeV
CSV > 0.679 Medium b-tag ID
Spatial distribution ∆φ(Z , jet)> 2.5 back-to-back for Z + 1 b-jet events
Spatial distribution ∆φ(Z , bb¯ system)> 2.5 back-to-back for Z + 2 b-jets events
Event selection
fail medium pile up id criteria OR p jetT < M IN(10GeV, 20%pT Z) hard jet radiation
Table 5.4: Selection requirements used in the validation.
Lepton Flavor Electrons Muons
Selection Data MC DY MC t¯t Data MC DY MC t¯t
Total Events 104906888 30159504 6923652 109746024 30159504 6923652
Trigger + 1 b-jet (pT > 10 GeV) 281876 96678 32708 344960 118030 47018|ml l − 91|< 20 GeV 243195 91847 9797 286430 111843 14064
pT Leading Jet CSVM 112555 44121 6410 133595 54092 9250
∆φ(Z , jet)> 2.5 67919 27783 2324 79853 34046 3362
No additional jets 26689 11760 187 31396 14651 255
Two pT Leading Jets CSVM 6441 1928 2394 8057 2434 3665
∆φ(Z , bb¯ system)> 2.5 3673 1172 1043 4516 1456 1584
No additional jets 1721 583 271 2085 746 374
Table 5.5: Summary of events selections. The listed event yields are the absolute ones for
each sample. The sample luminosities are 19.7 fb−1 for Data, 8.5 fb−1 for DY MC, and 27.8
fb−1 for t¯t MC.
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5.3 Input variables validation
Before the study of the regression in Z + jets events, a validation of the input variables used
in the regression procedure has been performed. Input variables are listed in Chapter 4.
The results are shown in Figures 5.4 and 5.5 and in Figures 5.6 and 5.7, for Z + 1 b-jet,
respectively in the dielectron and dimuon channels. As shown, a good agreement between
data and Monte Carlo is found.
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Figure 5.4: Data-MC comparison of the input variables used by the regression in Z → e+e− +
1 b-jet events. All variables are referred to the b-jet with exception of the MET.
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Figure 5.5: Data-MC comparison of the input variables used by the regression in Z → e+e− +
1 b-jet events. All variables are referred to the b-jet with exception of the ρ.
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Figure 5.6: Data-MC comparison of the input variables used by the regression in Z → µ+µ−
+ 1 b-jet events. All variables are referred to the b-jet with exception of the MET.
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Figure 5.7: Data-MC comparison of the input variables used by the regression in Z → µ+µ−
+ 1 b-jet events. All variables are referred to the b-jet with exception of the ρ.
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5.4 Z + 1 b-jet
In order to quantify the improvement coming from the regression an estimator of the jet
response has been defined as the ratio
pbT/p
Z
T (5.1)
and its distribution has been studied in 11 different pZT ranges: 30-40, 40-50, 50-60, 60-70,
70-80, 80-90, 90-110, 110-130, 130-150, 150-250, 250-500 GeV. In order to estimate the
width (σ) of the Gaussian core of these distributions, an iterative Gaussian fit of the ±1.5σ
window has been performed. The initial fit is performed with σ=RMS and µ=average. In
Figure 5.8 the response for the unregressed jets pT-ratios when the dielectron channel is con-
sidered, is shown in several bins of pZT , while the dimuon channel response is shown in Figure
5.9. Figures 5.10-5.11 show the response for the regressed jets pT-ratios, both when the Z
boson decays into electrons and into muons. The fit results are summarized in Figures 5.15-
5.16. Moreover, the RMS and the mean for each distribution are computed in the [0.7,1.3]
interval and the results are summarized in Figure 5.17 and Figure 5.18.
Since the statistics is not very high, the dimuon and dielectron distributions have been added
to each-other and the results are shown in Figure 5.12 for low pZT and in Figure 5.13 for high
pZT. In Figure 5.14 the resulting resolution, defined as the ratio σ/µ, is shown before and after
the regression (both for data and Monte Carlo) and it can be seen that an overall improve-
ment on the resolution is achieved after the application of the regression.
It can be noted that an improvement in the resolution and a good agreement between data
and Monte Carlo is found are achieved. We can also see that the regression biases lower pT
b-jets towards the signal b-jet pT spectrum, as there is a greater response mean and smaller
RMS for pT < 40 GeV. The effect is also caused by parent steeply falling spectrum of the QCD
spectrum. Additionally, when the Z has a low transverse momentum, the selection cut to
avoid the radiation of additional jets is not very efficient as it has an asymmetric effect on the
response distribution.
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Figure 5.8: Ratio of unregressed b-jet over Z pT in various bins of Z pT in data and MC for
Z(→ e+e−)+1 b-jet events.
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Figure 5.9: Ratio of unregressed b-jet pT over Z pT in various bins of Z pT in data and MC for
Z(→ µ+µ−)+1 b-jet events.
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Figure 5.10: Ratio of regressed b-jet pT over Z pT in various bins of Z pT in data and MC for
Z(→ e+e−)+1 b-jet events.
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Figure 5.11: Ratio of regressed b-jet pT over Z pT in various bins of Z pT in data and MC for
Z(→ µ+µ−)+1 b-jet events.
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Figure 5.12: Ratio of b-jet pT over Z pT in various bins of Z pT (from 30 GeV to 90 GeV) in data
and MC for Z(→ l+l−)+1 b-jet events, considering both electrons and muons. Both the raw
and regressed distributions, Monte Carlo and data, and the applied Gaussian fits, are shown.
The resulting ratio σ/µ, for data and both before and after the regression, is expressed on the
figures.
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Figure 5.13: Ratio of b-jet pT over Z pT in various bins of Z pT (from 90 GeV to 500 GeV)
in data and MC for Z(→ l+l−)+1 b-jet events, considering both electrons and muons. Both
the raw and regressed distributions, Monte Carlo and data, and the applied Gaussian fits, are
shown. The resulting ratio σ/µ, for data and both before and after the regression, is expressed
on the figures.
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Figure 5.14: Comparison of the ratio σ/µ before and after the regression for data (top) and
Monte Carlo (bottom) depending on the Z boson transvere momentum. Black dots refer to
the raw resolution, while red ones refer to the resolution obtained after the application of the
energy regression.
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Figure 5.15: Comparison of the unregressed (left) and regressed (right) measured Gaussian
σ of pbT/p
Z
T , obtained with a 3-iteration fit. Plots corresponding to Z → e+e− are on the top
and the ones related to Z → µ+µ− are on the bottom.
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Figure 5.16: Comparison of the unregressed (left) and regressed (right) measured Gaussian
µ of pbT/p
Z
T , obtained with a 3-iteration fit. Plots corresponding to Z → e+e− are on the top
and the ones related to Z → µ+µ− are on the bottom.
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Figure 5.17: Comparison of the unregressed (left) and regressed (right) RMS of pbT/p
Z
T . Plots
corresponding to Z → e+e− are on the top and the ones related to Z → µ+µ− are on the
bottom.
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Figure 5.18: Comparison of the unregressed (left) and regressed (right) mean of pbT/p
Z
T . Plots
corresponding to Z → e+e− events are on the top and the ones related to Z → µ+µ− are on
the bottom.
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5.5 Z + 2 b-jets
As a further validation, the pT regression in Z + 2 b-jets events has been checked. These
events, indeed, have a more similar topology with respect to the VBF H(bb¯) one than Z + 1
b-jet events, but, on the other hand, the study suffers from lower statistics. In this case the
estimator is defined as the ratio pbb¯T /p
Z
T .
Figure 5.19 shows the ratio between the bb¯ system pT and the Z pT for Z → e+e− and
Z → µ+µ−, both before and after the regression. Again, a good agreement between data
and Monte Carlo is achieved.
A Gaussian fit has been applied to the pT balance in the range [0.7,1.3] and the fit parameters
for data are tabulated in Table 5.6. It is visible that the resolution is improved by 10% when
Z → e+e− and by 7% when Z → µ+µ−.
A last check concerning the bb¯ system invariant mass has been performed and the results
are shown in Figure 5.20 and in Figure 5.21. It appears that no mass structures are gener-
ated by the pT-regression application and a good agreement between data and Monte Carlo is
revealed.
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Figure 5.19: Ratio of bb¯ system pT over Z pT for Z → e+e− (top) and Z → µ+µ− (bottom) for
unregressed b-jets (left) and regressed b-jets (right).
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Lepton Flavor Electrons Muons
Data w/o regression Data w regression Data w/o regression Data w regression
Gaussian Const 244.9± 9.7 215.1± 9.5 296.3± 11.3 262.9± 10.8
Gaussian µ 0.933± 0.012 1.029± 0.011 0.968± 0.009 1.031± 0.009
Gaussian σ 0.222± 0.014 0.223± 0.015 0.217± 0.012 0.217± 0.013
Gaussian σ/µ 0.238 0.216 0.224 0.210
Table 5.6: Gaussian fit parameters for the pbb¯T /p
Z
T response in Z → l+l− and plus two b-jets
data.
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Figure 5.20: Invariant mass of the bb¯ system for electrons (top) and muons (bottom) for
unregressed b-jets (left) and regressed b-jets (right).
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Figure 5.21: Comparison between unregressed and regressed bb¯ invariant mass for electrons
(top) and muons (bottom).
6 Final VBF and combinedHiggs to bb¯ results in CMS
After the application of the event selection criteria with the analysis tools described in Chapter
4 and after the validation of the b-jet energy regression presented in Chapter 5, in this Chapter
the results obtained for the Higgs boson decaying to b-quarks in the VBF production mode are
presented.
In the first Section the fit of the Higgs boson peak (and before that, the fit performed as
a check of the procedure, for the Z boson peak) is described, along with the uncertainties
affecting the analysis. The obtained results are finally shown at the end of the Section.
In the second Section the overall CMS results for the search of the Higgs boson decaying in a
pair of b-quarks, obtained within the combination of the VH, VBF and ttH production modes,
are presented.
6.1 VBF H(bb¯) results
6.1.1 Extraction of the Z boson signal
In order to demonstrate the ability to observe a relatively wide hadronic resonance on top of a
smooth QCD background, the Z boson signal, with Z decaying to b quarks, has been searched
and extracted. Additionally, the presence of the Z+jets background in the final state allows
for a calibration of the employed analysis strategy.
Recently, the ATLAS collaboration reported the observation of the Z→ bb¯ signal [101] in the
Z+1 jet final state. Similar techniques are applied in this analysis. The overall strategy is the
following.
1. Events are selected from set A, with the additional requirement to have at least one
medium b-tagged jet (medium CSV). It should be noted that it is important to extract
the Z signal in the same phase space that the Higgs search is performed.
2. A multivariate discriminant is trained to separate the Z+jets process from the QCD
multijet production, while retaining as much as possible its orthogonality to the mbb¯
variable.
3. According to the discriminant’s values the events are divided into three categories (a
signal depleted, control category and signal enriched one).
4. A simultaneous fit for the signal and the QCD shape is performed in all three categories.
The subsequent Paragraphs give details about the outlined procedure.
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Z boson signal vs background discrimination
In order to characterize the events, a Fisher discriminant (FD) is implemented and trained to
discriminate between the Z+jets signal and the background. For this purpose, seven variables
were used:
• the absolute η difference |∆ηqq| of the VBF jets;
• the absolute η of the b jet system |ηbb|;
• the CSV value of the highest CSV jet (most b-tagged);
• the QGL values of the four leading jets.
Figure 6.1 shows the normalized distribution of the discriminant, where the output of the
Z+jets signal is compared to the background.
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Figure 6.1: Normalized distribution of the Z boson Fisher discriminant. Data is shown with
markers, and background is shown with a filled histogram. The Z+jets signal is shown with
a solid line. The bottom panel shows the fractional difference between data and background
simulation, with the shaded band representing the MC statistical uncertainty.
Fit of the dijet invariant mass spectrum
Depending on the Fisher discriminant (FD) output, selected events are classified into three
categories, based on the FD output. Table 6.1 summarizes the event categories and corre-
sponding yields.
Because of the minimal correlation between the FD and the two b-jets invariant mass, the
QCD mbb¯ spectrum is independent of the category. Actually, however, there is a residual
dependence (∼ 3%). This small correlation is corrected with a linear transfer function of mbb¯
that is taken from data. The extraction of the Z boson signal is done with a template fit,
simultaneously in the three categories. The fit model is described by
fi(mbb¯) = µZ · Ni,Z · Zi(mbb¯; kJES, kJER) + Ni,Top · Ti(mbb¯) + Ni,QCD · Ki(mbb¯) · B8(mbb¯;~p), (6.1)
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Category 1 Category 2 Category 3
FD < -0.02 -0.02 < FD < 0.02 FD > 0.02
Data 659873 374797 342931
Z+jets 1374 1467 2783
t¯t 2124 1821 2327
single top 657 569 812
Table 6.1: Definition of the event categories for the Z boson signal extraction and correspond-
ing yields in the mbb¯ interval [60, 170] GeV.
where the subscript i denotes the category, Ni,Z is the expected yield for the Z boson signal,
and µZ, Ni,QCD are free parameters for the signal strength and the QCD event yield. The shape
of the top background Ti(mbb¯) is taken from the simulation (sum of the t¯t and single-top
contributions), and the expected yield Ni,Top is allowed to vary in the fit by 20%. The Z+jets
signal shape Zi(mbb¯; kJES, kJER) is taken from the simulation and is parameterized as a crystal-
ball function (gaussian core with power-law tail) on top of a polynomial background. The
position and the width of the gaussian core are allowed to vary by the free factors kJES and
kJER, respectively, which quantify any mismatch of the jet energy scale and resolution between
data and simulation. Finally, the QCD shape in each category is described by a common, 8th
order Bernstein polynomial B8(mbb¯;~p), whose parameters ~p are determined by the fit, and a
multiplicative linear transfer function Ki(mbb¯) that accounts for the small shape differences
between the categories. Allowing for 20% uncertainty on the expected Z boson signal, the
simultaneous binned maximum-likelihood fit yields a signal strength of µZ = 1.10
+0.44−0.33, which
corresponds to an observed (expected) significance of 3.6σ (3.3σ). For the jet energy scale
and resolution the fitted values are kJES = 1.01± 0.02 and kJER = 1.02± 0.10, respectively.
Figure 6.2 shows the fitted distributions and the background-subtracted ones.
The value of the extraction of the Z boson signal lies in the fact that the search method has
been validated by finding an existing dijet resonance. In addition, the simulated mbb¯ scale
and resolution are fully compatible with the data, based on the best-fit values of the kJES and
kJER nuisance parameters, which constrains significantly the corresponding uncertainties for
the Higgs boson signal.
Chapter 6. Final VBF and combined Higgs to bb¯ results in CMS 91
Ev
en
ts
 / 
5.
0 
G
eV
20
25
30
35
40
45
50
310×
 (GeV)bbm
60 80 100 120 140 160
D
at
a 
- B
kg
-500
0
500
Category 1
Data
Fitted signal
Bkg. + signal
Bkg.
 bkg. unc.σ2
 bkg. unc.σ1
 (8 TeV)-119.8 fb
CMS
Ev
en
ts
 / 
5.
0 
G
eV
10
12
14
16
18
20
22
24
26
28
310×
 (GeV)bbm
60 80 100 120 140 160
D
at
a 
- B
kg
-500
0
500
Category 2
Data
Fitted signal
Bkg. + signal
Bkg.
 bkg. unc.σ2
 bkg. unc.σ1
 (8 TeV)-119.8 fb
CMS
Ev
en
ts
 / 
5.
0 
G
eV
10
12
14
16
18
20
22
24
26
310×
 (GeV)bbm
60 80 100 120 140 160
D
at
a 
- B
kg
-500
0
500
Category 3
Data
Fitted signal
Bkg. + signal
Bkg.
 bkg. unc.σ2
 bkg. unc.σ1
 (8 TeV)-119.8 fb
CMS
Figure 6.2: Simultaneous fit for the Z boson signal on the invariant mass of the two b-jet
candidates in the three event categories that are based on the Z boson Fisher discriminant
output, starting from the most background like (upper left) and ending at the most signal like
(bottom). Data is shown with markers. The solid line is the sum of the post-fit background
and signal shapes and the dashed line is the background component alone. The bottom panel
shows the background-subtracted distribution, overlaid with the fitted signal, and with the
1-σ and 2-σ background uncertainty bands.
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6.1.2 Search for the Higgs boson
In order to search for the Higgs boson, the same methodology used for the extraction of the
Z boson signal is applied. That is a multivariate discriminant to characterize the events and
divide them into seven categories that are subsequently fit simultaneously with mbb¯ templates.
Higgs boson signal vs background discrimination
In order to separate the overwhelmingly large QCD background from the Higgs boson signal,
all the discriminating features have to be used in an optimal way. This is achieved best by using
a multivariate discriminant, which in our case is a Boost Decision Tree (BDT) implemented
with the TMVA package. The variables used as an input to the BDT are chosen such that they
are very weakly correlated to the dynamics of the bb¯ system, in particular the mbb¯, and are
conceptually grouped into five groups:
• the dynamics of the VBF jet system, expressed by ∆ηqq, ∆φqq, and mqq;
• the b jet content of the event, expressed CSV output for the two most b-tagged jets;
• the jet flavor of the event: QGL for all four jets;
• the soft activity, quantified by the scalar pT sum HsoftT of the additional “soft” TrackJets
with pT > 1 GeV, and the number N
soft of “soft” TrackJets with pT > 2 GeV;
• the angular dynamics of the production mechanism, expressed by the cosine of the
angle between the qq and bb¯ vectors in the center-of-mass frame of the four leading jets
cosθqq,bb.
In practice, there are two BDT’s trained, with the same input variables, corresponding to the
two sets of events. This distinction is necessary because the properties of the selected events
are significantly different between the two selections (set A and set B). Figure 6.3 shows the
output of the BDT for the two sets of events.
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Figure 6.3: Distribution of the BDT output for the events of set A (left) and set B (right).
Data is shown with markers, while the simulated backgrounds are stacked. The LO QCD cross
sections are scaled such that the total number of background events equals the number of
events in data, while the VBF and GF Higgs signal yields are amplified by a factor 10. The
panels at the bottom show the fractional difference between data and background simulation,
with the shaded band representing the MC statistical uncertainty.
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Fit of the dijet invariant mass spectrum
According to the BDT output, seven categories are defined: four for set A and three for set B.
The boundaries of the categories and the respective event yields are summarized in Table 6.2.
In an mbb¯ interval of twice the width of the gaussian core of the signal distribution, the signal-
over-background ratio reaches up to 1.7% in the CAT4, which is the most sensitive category.
Both the VBF and GF contributions are added to the Higgs signal, with the fraction of the
latter ranging from ∼ 50% in CAT1 to ∼ 7% in CAT4.
set A set B
CAT1 CAT2 CAT3 CAT4 CAT5 CAT6 CAT7
−0.6 – 0.0 0.0 – 0.7 0.7 – 0.84 0.84 – 1.0 −0.1 – 0.4 0.4 – 0.8 0.8 – 1.0
Data 546121 321039 32740 10874 203865 108279 15151
Z+jets 2038 1584 198 71 435 280 45
W+jets 282 135 4 < 1 225 92 17
t¯t 2818 839 45 14 342 169 21
single-top 960 633 64 25 194 159 30
VBF mH(125) 53 140 58 57 33 57 31
GF mH(125) 53 51 8 5 9 10 2
Table 6.2: Definition of the event categories and corresponding yields in the mbb¯ interval
[80,200] GeV.
The analysis relies on the assumption that the QCD mbb¯ spectrum shape is the same in all
BDT categories of the same set of events. In reality, a small correction is needed to account
for the residual differences between the mbb¯ spectrum in CAT1 vs. CAT2,3,4, and in CAT5
vs. CAT6,7. The correction factor (transfer function) is a linear function of mbb¯ in set A and
quadratic in set B (because a stronger dependence is observed in set B between mbb¯ and the
multivariate discriminant). With the introduction of the transfer functions, the fit model for
the Higgs boson signal is
fi(mbb¯) = µH · Ni,H ·Hi(mbb¯; kJES, kJER) + Ni,Z · Zi(mbb¯; kJES, kJER)+
Ni,Top · Ti(mbb¯; kJES, kJER) + Ni,QCD · Ki(mbb¯) · B(mbb¯;~pset), (6.2)
where the subscript i denotes the category and µH, Ni,QCD are free parameters for the signal
strength and the QCD event yield. Ni,H, Ni,Z, and Ni,Top are the expected yields for the Higgs
boson signal, the Z+jets, and the top background respectively. The shape of the top back-
ground Ti(mbb¯; kJES, kJER) is taken from the simulation (sum of the t¯t and single-top contri-
butions) and is described by a broad gaussian. The Z/W+jets background Zi(mbb¯; kJES, kJER)
and the Higgs boson signal Hi(mbb¯; kJES, kJER) shapes are taken from the simulation and are
parameterized as a crystal-ball function on top of a polynomial background. The position
and the width of the gaussian core of the MC templates (signal and background) are allowed
to vary by the free factors kJES and kJER, respectively, which quantify any mismatch of the
jet energy scale and resolution between data and simulation. Finally, the QCD shape is de-
scribed by a Bernstein polynomial B(mbb¯;~pset), common within the categories of each set, and
whose parameters ~pset are determined by the fit, and a multiplicative linear transfer function
Ki(mbb¯) that accounts for the shape differences between the categories. For set A, the Bern-
stein polynomial is of 5th order, while for set B it is of 4th order. Figures 6.4 and 6.5 show the
simultaneously fitted mbb¯ distributions in set A and set B, respectively.
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Figure 6.4: Fit for the Higgs boson signal (mH = 125 GeV) on the invariant mass of the two
b-jet candidates in the four event categories of set A. Data is shown with markers. The solid
line is the sum of the post-fit background and signal shapes, the dashed line is the background
component, and the dashed-dotted line is the QCD component alone. The bottom panel shows
the background-subtracted distribution, overlaid with the fitted signal, and with the 1-σ and
2-σ background uncertainty bands.
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Figure 6.5: Fit for the Higgs boson signal (mH = 125 GeV) on the invariant mass of the two
b-jet candidates in the three event categories of set B. Data is shown with markers. The solid
line is the sum of the post-fit background and signal shapes, the dashed line is the background
component, and the dashed-dotted line is the QCD component alone. The bottom panel shows
the background-subtracted distribution, overlaid with the fitted signal, and with the 1-σ and
2-σ background uncertainty bands.
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6.1.3 Uncertainties
Systematic uncertainties can be of two types: related to the background processes or related
to the signal properties. Table 6.3 summarizes the uncertainty sources. It can be seen that
the leading uncertainty comes from the QCD background. In fact, both the parameters of its
shape and the overall normalization in each category are floating freely, being determined by
the simultaneous fit to the data. The resulting covariance matrix is used to compute the un-
certainty. For the subleading background contributions of the Z/W+jets and top production,
the mbb¯ shapes are taken from the simulation, while the corresponding yields are allowed to
float in the fit by 30% around the SM expectations.
The experimental uncertainties on the JES and JER affect the signal acceptance, the shape of
the multivariate discriminant output, as well as the mbb¯ shape. By varying the JES and JER
by their measured uncertainties in CMS, the impact of the signal yield per analysis category
is estimated. These variations affect the acceptance up to 10%, while the peak position of the
mbb¯ shape is shifted by 2%, and the width by 10%.
Additional uncertainties are assigned to the flavor tagging of the jets. The CSV and QGL
discriminant outputs are shifted according to the observed data vs. MC agreement and the
effect on the signal acceptance is estimated to range from 3% to 10% for the former, and from
1% to 3% for the latter. The impact of the CSV shift is more significant, both because it is used
for the event selection, and because the multivariate discriminant depends more strongly on
the b-tagging of the jets. The shift of QGL only affects the shape of the discriminant, and thus
the distribution of signal events in the analysis categories.
The trigger uncertainty is estimated by propagating the uncertainty on the data vs. MC scale
factor for the efficiency. This is achieved by convolving the two-dimensional efficiency scale
factor with the signal distribution. As a result, the uncertainty on the signal yield ranges from
1% to 6% for the VBF process, and from 5% to 20% for the GF.
Theoretical uncertainties are assigned to the signal generation. First, the uncertainty due
to PDFs and strong coupling constant αS variation is computed to be 2.8% (VBF) and 7.5%
(GF) [22]. A residual uncertainty from these sources is estimated for the particular phase
space of the search: following the PDF4LHC prescription [102] the PDF and αS uncertainty
ranges from 2% to 5%, while the renormalization and factorization scale variations on the
signal generation induce an uncertainty of 1% to 5% in the analysis categories, on top of a
global cross section uncertainty of 0.2% (VBF) and 7.7− 8.1% (GF). Finally, the variation of
the underlying events (UE) and parton-shower (PS) model (using PYTHIA 8.1 [103] instead
of the default PYTHIA 6) affects the signal acceptance by 2% to 7% (VBF) and by 10% to 45%
(GF).
Lastly, an uncertainty of 2.6% is assigned on the total integrated luminosity [104].
6.1.4 Results
The models representing the two hypotheses, of background only, and of background+signal
are fitted to the data, simultaneously in all the categories. The limits on the signal strength
are computed with the Asymptotic CLs method [105], taking into account the systematic
uncertainties discussed in Section 6.1.3. Figure 6.6 shows the observed (expected) 95% C.L.
limit on the signal strength, as a function of the Higgs boson mass, which ranges from 5.1
(2.2) at mH = 115 GeV to 5.9 (3.8) at mH = 135 GeV, together with the expected limits in
the presence of a SM Higgs boson with mass 125 GeV. For a 125 GeV Higgs boson signal
the observed (expected) significance is 2.2 (0.8) standard deviations, and the fitted signal
strength is µ = σ/σSM = 2.8
+1.6−1.4. The measured signal strength is compatible with the SM
Higgs boson prediction µ= 1 at the 8% level.
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Source VBF signal GF signal
QCD shape parameters determined by the fit
QCD normalization determined by the fit
Top normalization 30%
Z/W+jets normalization 30%
JES (signal shape) 2%
JER (signal shape) 10%
Luminosity 2.6%
BR(H → bb¯) 2.4− 4.3%
JES (acceptance) 6− 10% 4− 12%
JER (acceptance) 1− 4% 1− 9%
B-jet tagging 3− 9% 3− 10%
Quark/gluon-jet tagging 1− 3% 1− 3%
Trigger 1− 6% 5− 20%
UE & PS 2− 7% 10− 45%
Scale variation (global) 0.2% 7.7− 8.1%
Scale variation (categories) 1− 5% 1− 5%
PDF (global) 2.8% 7.5%
PDF (categories) 1.5− 3% 3.5− 5%
Table 6.3: Sources of uncertainty for VBF and GF signals.
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Figure 6.6: Expected and observed 95% confidence level limits on the signal cross section in
units of the SM expected cross section, as a function of the Higgs boson mass, including all
event categories. The limits expected in the presence of a SM Higgs boson with mass 125 GeV
are indicated by the dotted curve.
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6.2 Combination of Run 1 results for H(bb¯)
The search for the Standard Model Higgs boson decaying in a pair of bottom quarks, as
described in the previous Sections, is performed by the CMS Collaboration in the VH, VBF
and ttH production channels. The results of these searches are summarized in Table 6.4,
along with the resulting combined results.
H→ bb¯ best-fit (68% CL) Upper Limits (95% CL) Signal significance
channel Observed Observed Expected Observed Expected
VH 0.89 ± 0.43 1.68 0.85 2.08 2.52
ttH 0.7 ± 1.8 4.1 3.5 0.37 0.58
VBF 2.8+1.6−1.4 5.5 2.5 2.20 0.83
combined 1.03+0.44−0.42 1.77 0.78 2.56 2.70
Table 6.4: Observed and expected 95%CL limits, best fit values and significance on the signal
strength parameter µ= σ/σSM at mH = 125 GeV, for each H→ bb¯ channel and combined.
The 95% observed and median expected C.L. upper limits computed with the CLs method
for the combination of the results for the VH, VBF and ttH production modes from the 7 TeV
and 8 TeV data is shown in Figure 6.7 and in Table 6.5 [106]. The expected exclusion range
for the background only hypothesis is 115-130 GeV. An excess of events is observed for all
hypothetical Higgs boson masses, which makes the observed limits weaker than the expected
ones. Due to the poor mass resolution of these channels the excess extends over a large mass
range leading to no observed exclusion of the SM Higgs hypothesis in the full mass range.
The observed excess is characterized by computing the expected and observed local p-values
and significance for a SM Higgs boson as a function of mH. The local p-values and signifi-
cances for the VH, VBF and ttH combination in Figures 6.8 as well in Table 6.5. The expected
p-values and significance are computed after fitting the nuisances parameters to the data. The
significance of the excess with respect to the background only hypothesis at a SM Higgs mass
of 125 GeV is 2.6 standard deviations, compatible with an expected significance of 2.7 stan-
dard deviations for the SM Higgs hypothesis.
The observed σ/σSM value for mH = 125 GeV is 1.03
+0.44−0.42 , i.e. a value compatible with the
SM Higgs expectation.
mH Observed Median 68% Range 95% Range Observed Expected Observed Expected σ/σSM
GeV limits limits significance significance p-value p-value
115 1.44 0.67 [0.47, 0.94] [0.35, 1.29] 2.36 3.15 0.0091 0.0008 0.92+0.84−1.20
120 1.75 0.72 [0.51, 1.02] [0.38, 1.40] 2.74 2.93 0.0031 0.0017 1.06+0.41−0.45
125 1.77 0.78 [0.55, 1.11] [0.41, 1.52] 2.56 2.70 0.0052 0.0034 1.03+0.44−0.42
130 2.70 1.01 [0.71, 1.44] [0.53, 1.97] 3.14 2.00 0.0009 0.023 1.70+0.58−0.55
135 3.19 1.35 [0.94, 1.94] [0.68, 2.66] 2.65 1.68 0.0040 0.047 1.88+0.96−0.74
Table 6.5: Expected and observed upper limits, significances and p-values for the combination
of the VH, VBF and ttH productions modes and a Higgs boson decaying to bottom quarks.
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Figure 6.7: Expected and observed 95% CL upper limits on the cross section times branching
fraction, σH ×BR(H → bb¯), relative to the SM Higgs expectation and as a function of mH, for
the combination of the VH, VBF and ttH productions modes and an Higgs boson decaying to
bottom quarks.
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Figure 6.8: Expected and observed significance for a SM Higgs boson as a function of mH for
the combination of the VH, VBF and ttH productions modes and an Higgs boson decaying to
bottom quarks.
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7 VBF H(bb¯) Trigger
In this Chapter the work performed in order to design and implement a new dedicated trigger
for the VBF H(bb¯) channel looking forward to Run 2 is presented. As stated in Chapter 1,
the Standard Model predicts that a Higgs boson with mass 125 Gev decays with the largest
branching ratio in a pair of b-quarks. Therefore the VBF H(bb¯) is a very interesting topology
in order to collect further evidence of the Higgs coupling to b-quarks and to quarks in general.
Again, the final state of this channel is a fully hadronic four-jets final state and the huge QCD
background makes this channel challenging to be studied and due to these harsh conditions
it is even more crucial to exploit and dedicate specific trigger paths. As the final state of this
channel is totally hadronic, the development of a trigger is very challenging. Looking at the
Run 2 conditions, the design and optimization of new triggers becomes even more arduous,
as background rates will increase with the higher energy, luminosity related pileup. In this
thesis the trigger design for the VBF H(bb¯) analysis has been specifically designed, developed
and optimized, both at L1 and at HLT and deployed in the Run 2 CMS trigger Menu.
The goal of designing a new VBF H(bb¯) trigger for Run 2 is particularly challenging as the
energy, luminosity and collision rate will increase. The same logic used in Run 1, explained
in Section 4.3.2, has been initially used (in a re-optimized version), both for the Level 1 and
the High Level triggers. Then, new alternative algorithms were evaluated and implemented
improving the trigger performances.
In this Chapter, the triggers used in Run 1 are briefly reminded and then the efforts made on
the triggers towards Run 2 are presented. As a reminder, the CMS trigger system is shown in
Figure 7.1.
Figure 7.1: CMS trigger scheme for Run 2.
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Two collisions scenarios are planned for the Run 2 data-taking period. The bunch crossing
(BX) interval will be 50 ns for the first data and after a short shut down period almost all
data will be taken with 25 ns, corresponding to a crossing frequency of 20 MHz and 40 MHz
respectively. Depending on luminosity, several inelastic pp collisions occur at each crossing
of the proton bunches, determining the pile-up (PU) rate. The three scenario considered
are PU20BX25 and PU40BX25, where PU20 or PU40 stands for an average 20 or 40 pile-up
interactions for collision. The last scenario is the most harsh, with the highest luminosity
and pile-up conditions, but also the one which will be the most relevant for the final Run 2
data-taking since the largest part of the Run 2 integrated luminosity will be taken at these
conditions. The main trigger design has been optimized for this most severe scenario and an
optimization procedure has been performed for the scenario PU20BX25 too.
7.1 Monte Carlo samples
The list of samples with the number of events, cross sections and integrated luminosities is
given below. Table 7.1 summarized the used signal samples, while the background samples
are listed in Table 7.2.
Signal samples
Sample Generator σ [pb] Nevents
∫ L [fb−1]
/VBF_HToBB_M-125_13TeV-powheg-pythia6/Fall13dr-tsg_PU40bx25-POSTLS162_V1-v1/GEN-SIM
POWHEG, TAUOLA, PYTHIA 3.748 99871 46.2
/VBF_HToBB_M-125_13TeV-powheg-pythia6/Fall13dr-tsg_PU20bx25_POSTLS162_V2-v1/GEN-SIM-RAW
POWHEG, TAUOLA, PYTHIA 3.748 99871 46.2
Table 7.1: Signal Monte Carlo samples
Background samples
Sample Generator σ [pb] Nevents
∫ L [fb−1]
/Neutrino_Pt-2to20_gun/Fall13-POSTLS162_V1-v4/GEN-SIM
PYTHIA 47620459
/QCD_Pt-50to80_Tune4C_13TeV_pythia8/Fall13dr-castor_tsg_PU40bx25_POSTLS162_V2-v1/GEN-SIM-RAW
PYTHIA 2.21·10+07 3001228 1.40·10−5
/QCD_Pt-80to120_Tune4C_13TeV_pythia8/Fall13dr-castor_tsg_PU40bx25_POSTLS162_V2-v1/GEN-SIM-RAW
PYTHIA 3.12·10+06 3000513 1.40·10−5
/QCD_Pt-120to170_Tune4C_13TeV_pythia8/Fall13dr-castor_tsg_PU40bx25_POSTLS162_V2-v1/GEN-SIM-RAW
PYTHIA 4.3·10+05 2928546 1.40·10−5
/QCD_Pt-170to300_Tune4C_13TeV_pythia8/Fall13dr-castor_tsg_PU40bx25_POSTLS162_V2-v1/GEN-SIM-RAW
PYTHIA 1.20·10+05 2770099 1.40·10−5
/QCD_Pt-50to80_Tune4C_13TeV_pythia8/Fall13dr-castor_tsg_PU20bx25_POSTLS162_V2-v1/GEN-SIM-RAW
PYTHIA 2.21·10+07 2994881 0.70·10−5
/QCD_Pt-80to120_Tune4C_13TeV_pythia8/Fall13dr-castor_tsg_PU20bx25_POSTLS162_V2-v1/GEN-SIM-RAW
PYTHIA 3.12·10+06 3000294 0.70·10−5
/QCD_Pt-120to170_Tune4C_13TeV_pythia8/Fall13dr-castor_tsg_PU20bx25_POSTLS162_V2-v1/GEN-SIM-RAW
PYTHIA 4.3·10+05 2998692 0.70·10−5
/QCD_Pt-170to300_Tune4C_13TeV_pythia8/Fall13dr-castor_tsg_PU20bx25_POSTLS162_V2-v1/GEN-SIM-RAW
PYTHIA 1.20·10+05 2794554 0.70·10−5
Table 7.2: Background Monte Carlo samples
7.2 Level 1 Trigger Run 1
Dedicated trigger paths were specifically designed, optimized, commissioned and deployed
for the VBF Hqq→ bbqq signal search at 13 TeV, as done for Run 1.
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In Run 1, the optimized L1 trigger paths devised for the VBF four-jet signals require the
presence of three L1 jets with transverse momentum larger than three optimized thresholds.
Additionally, one (and at most one) of the two pT leading jets can be in the forward region
with pseudorapidity 2.6 ≤ |η| ≤ 5.2 (due to the increasing noise in HF) while the other two
must be central with |η| ≤ 2.6. The dedicated L1 trigger paths set up for the VBF four-jet
signals are labeled L1_TripleJet_X_Y_Z_VBF and the ones used during the L1 data-taking
period are listed in Table 7.3, along with their signal efficiency and rate.
Path Efficiency Rate@5 · 1033 cm−2 s−1
L1_TripleJet_64_44_24_VBF 62% 5 kHz
L1_TripleJet_64_48_28_VBF 56% 3.5 kHz
L1_TripleJet_68_48_32_VBF 50% 2.5 kHz
Table 7.3: L1 Trigger paths used during the Run 1 data taking period.
7.3 Level 1 Trigger in Run 2
Efficiency and rate are estimated using signal samples VBF H(bb¯) (POWHEG [79]) at 13 TeV
and MinBias (PYTHIA [80] ). The efficiency is thus defined as the ratio between the number
of signal events passing the trigger simulation and the total number of signal events, while the
rate is the ratio between the number of background events passing the trigger simulation and
the total number of background events, multiplied by a factor 30 MHz (which is the average
bunch collision frequence over one orbit).
7.3.1 Trigger optimization
The same logic used during Run 1 is exploited again, that is the requirement that at most
one of the two pT-leading jets can be forward in pseudorapidity, while the other two must be
central. In addition, the jets must have transverse momentum higher that optimized thresh-
olds and in order to identify them (i.e. the ones maximizing the efficiency and with a given
rate value of ∼ 6 kHz) a nested scanning procedure is adopted. Each combination among the
three pT-leading jets pT is evaluated and, taking in consideration only the ones with a rate in
a fixed range, the configuration more efficient is saved.
As shown in Figure 7.2, the pT-space studied is a 3-dimensional space between the transverse
momentum of the three pT-leading jets. Obviously pT[2] ≤ pT[1] ≤ pT[0] and, consequently,
the interesting space is pyramidal. The scanning procedure is performed with 20 steps of 4
GeV (the L1 pT granularity) each, starting from 48 GeV for the leading jet, 36 GeV for the
sub-leading jet and 24 GeV for the subsub-leading jet.
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Figure 7.2: Space studied with the scanning procedure used.
In this procedure, also angular variables as the pseudorapidity opening and the azimuthal
angle opening are studied, but no significant gain concerning the separation between signal
and background was obtained.
Within the scanning procedure the optimized thresholds obtained are 92,76, 64 GeV and the
results achieved with these values are reported in Table 7.4. Rate, efficiency and purity (de-
fined as the ratio between efficiency and rate) are listed for each possible configuration and
for their exclusive combination. The labels "c" or "f" indicate the presence above threshold of
L1 jet in the central (c) or forward (f) pseudorapidity region. The triple labels (ccc, fcc, ...)
refer to the pT-order of the jets.
ccc fcc cfc ccc || fcc || cfc
ε 14.1% 3.6% 4.8% 18.2%
R [kHz] 5.34 0.78 1.03 6.33
ε/R 0.0264 0.0461 0.0466 0.0287
Table 7.4: Efficiency, rate and purity for the ccc, fcc and cfc configurations and for the OR
between them.
It appeared that, as expected, the configuration with three central jets is the one giving the
largest contribution both concerning the rate and the efficiency. Nevertheless this configu-
rations is the one with the lowest purity and, in order to equalize the purity and relax the
transverse momentum thresholds to achieve the same rate, a selection cut on additional vari-
ables has been studied. Several variables (i.e. ∆η, ∆φ, ∆R) have been considered, but none
of them resulted to be useful to give a considerable improvement.
In order, however, to exploit this observation, also the configurations with more than one
forward jet and the one with the two pT-leading jets central and the third forward, are con-
sidered. In Table 7.5 the resulting rate and efficiency for these additional jet configurations
are listed.
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ccf ffc fcf cff fff
ε 5.1% 0.32 % 0.47 % 0.46% 0.02 %
R[kHz] 0.93 0.07 0.15 0.07 0
ε/R 0.054 0.043 0.031 0.062 –
Table 7.5: Efficiency, rate and purity for the configurations with more than one forward jet
(and for ccf) and for the OR between these configurations.
From Table 7.5 it can be seen that the configurations with more than one forward jet are not
very relevant. However, the ccf configuration brings a relevant number of events and has a
quite high purity. The first attempt was then to require at least one forward jet, but, as it is
shown in Figure 7.3, in about half of the events with three jets above the selected thresholds,
the jets are central. Taking off this configuration, even if it is the less performing, would
mean reduce considerably the statistics. Next, since the remaining configurations are not very
significant and do not carry a large amount of events, it has been decided to not making any
η requirement at all. This trigger is now labeled as L1_TripleJet_X_Y_Z, and is the one
finally implemented in the Run 2 Menu.
Figure 7.3: Fraction of events with jets with transverse momentum greater than the optimized
threshold depending on the configuration.
The overall rate and efficiency obtained just requesting three jets with transverse momentum
greater than 92, 76 and 64 GeV are 6.77 kHz and 19.7%.
In order to fully exploit all the data-taking period, even the first month with reduced lumi-
nosity (∼ 7 · 1033cm−2s−1), the transverse momentum threshold have been again optimized,
using Monte Carlo samples with PU20BX25. The optimized pT thresholds are are 88, 72 and
44 GeV; the resulting rate is 6.51 kHz with a corresponding efficiency of 22.2 %.
7.4 High Level Trigger in Run 1
The basic idea above the HLT selection is to select events with jets pT above optimized thresh-
olds. Then, at least one jet should have a minimum b-tagging value both at "Level 2.5" (that
is when pixel tracks are reconstructed within jets) and at "Level 3" with full regional tracking
information. The two VBF-tagging jets are identified out of the four pT-leading alternatively
with as the two less b-tagged jets (CSV-sorted) or as the ones with the largest pseudorapidity
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opening (η-sorted). These VBF tagging jets (qq) are required to have an invariant mass and a
pseudorapidity opening larger than optimized values.
The trigger paths used during the Run1 data taking are listed in Table 7.6 and the selection
cuts applied are shown in Table 7.7.
Path Efficiency Rate@4− 5 · 1033 cm−2 s−1
QuadJet75_55_35_20_BTagIP_VBF ∼ 9.2% ∼ 8 Hz
QuadJet75_55_38_20_BTagIP_VBF ∼ 8.0% ∼ 6 Hz
QuadPFJet78_61_44_21_BTagCSV_VBF ∼ 8.3% ∼ 3.5 Hz
QuadPFJet82_65_48_35_BTagCSV_VBF ∼ 6.5% ∼ 3.5 Hz
Table 7.6: HLT Trigger paths used during the Run1 data taking period.
Path mqq ∆ηqq b-tag L2.5 b-tag L3
QuadJet75_55_35_20_BTagIP_VBF ≥ 200 1 ≥ 2.5 TCHEmax ≥ 2.5 TCHEmax ≥ 6.8
QuadJet75_55_38_20_BTagIP_VBF ≥ 200 2 ≥ 2.5 TCHEmax ≥ 2.5 TCHEmax ≥ 7.9
QuadPFJet78_61_44_21_BTagCSV_VBF
≥ 180 (η-sorted Calo) ≥ 2.5≥ 200 (btag-sorted Calo ) ≥ 2.5 CSVmax ≥ 0.6 CSVmax ≥ 0.8≥ 220 (η-sorted PF) ≥ 2.5
QuadPFJet82_65_48_35_BTagCSV_VBF
≥ 200 (η-sorted Calo) ≥ 2.5≥ 200 (btag-sorted Calo ) ≥ 2.5 CSVmax ≥ 0.6 CSVmax ≥ 0.8≥ 240 (η-sorted PF) ≥ 2.5
Table 7.7: Selection cuts applied depending on the trigger path.
7.5 High Level Trigger in Run2
Efficiency and rate are estimated using signal samples VBF H(bb¯) at 13 TeV and weighted
composition of Pythia QCD pˆT bins [80]. Using the same logic and the same threshold values
with the Run 2 conditions leads to an excessive rate value, so it has been necessary to re-
optimize the trigger logic, the used variables and the thresholds. The goal was to select only
the most interesting events, maximizing the efficiency with a fixed rate (∼ 25 Hz).
7.5.1 Trigger optimization
The used approach is iterative. Ideally the algorithm should have scanned all variables in-
dependently, but due to the large number of interesting variables this approach could not be
implemented. The adopted procedure is the following:
1. the starting point is defined by the threshold values for the jets kinematics (their trans-
verse momentum), mqq (both CSV-sorted and η-sorted), ∆ηqq (both CSV-sorted and
η-sorted) and the maximum CSV value used in Run 1;
2. the 4 PF-jets transverse momentum are scanned (their distributions are shown in Figure
7.5), while the other variables are kept fixed;
3. mη-sortedqq (Figure 7.6), CSV (Figure 7.10) and∆ηCSV -sortedqq (Figure 7.7) are now scanned,
while the other variables are kept fixed and the variables previously scanned are fixed
at their new optimized values;
4. the pT of the two leading jets and ∆η
η-sorted
qq are scanned;
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5. the pT of the two last jets and m
CSV -sorted
qq are scanned;
6. the azimuthal angle opening between the two b-tagged jets is considered (Figure 7.8).
The steps have been chosen as a compromise between a low execution time and a low corre-
lation among the variables scanned together.
The resulting optimized configuration is:
• 4 PF-jets with pT ≥ 92, 76,64, 34 GeV;
• at least one Particle Flow jet with CSV ≥ 0.8, shown in Figure 7.10;
• the invariant mass of the two VBF-tagging jets should be ≥ 240 GeV when the jets are
η-sorted and ≥ 200 GeV when they are CSV-sorted;
• the pseudorapidity opening between the two VBF-tagging jets should be ≥ 2.6 with the
η-algorithm and ≥ 2.0 with the CSV-algorithm;
• the azimuthal angle difference between the two b-jets has to be ≤ 2.6 both when the
jets are η-sorted and CSV-sorted.
In addition, for trigger timing purpose, also the previous levels which use only the pixel detec-
tor ("Level 2" and "Level 3" with Calojets b-tagging) are exploited. In details 4 CaloJets with
pT ≥ 80, 65,50,20 GeV are required (Figure 7.9), the invariant mass of the two VBF-tagging
jets should be greater than 150 GeV and the pseudorapidity opening has to be greater than
2.6. Moreover, at least one out of the 4 leading Calo jets must have CSV greater than 0.8.
These selection criteria are imposed in order to reduce the life-time of the trigger work; due
to the worse track resolution these cuts are expected to give worse results with respect to the
ones obtained at Level 3, when the whole tracking system is used.
The results obtained with the described configuration are an efficiency of 2.38% with a corre-
sponding background bandwidth of 25.5 Hz. The flow chart of the trigger procedure is shown
in Figure 7.4.
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Figure 7.4: Example of an HLT trigger path flow chart for VBF H(bb¯).
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Figure 7.5: Transverse momentum of the 4 pT-leading Particle Flow jets.
Figure 7.6: Invariant mass of the two VBF-tagging jets, identified with the CSV-sorting (left)
and with the η-sorting (right).
Figure 7.7: ∆η between the two VBF-tagging jets, identified with the CSV-sorting (left) and
with the η-sorting (right).
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Figure 7.8: ∆φ between the two b-jets, identified with the CSV-sorting (left) and with the
η-sorting (right).
Figure 7.9: Transverse momentum of the 4 pT-leading Calojets.
Figure 7.10: CSV value of the most b-tagged jet out of the 4 selected at Level 3 with Calojets
(left) and with Particle Flow jets (right).
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7.5.2 Trigger timing
A fundamental step within the trigger approval procedure is the measure of the time needed
by a trigger in order to accept or decline an event. Figure 7.11c shows that the total time is
∼ 19.2 ms, but this value includes also the L1 simulation time which is, as reported in Figure
7.11b, 12.2 ms. Finally, the real corrected total time for the HLT trigger is 7.0 ms.
Moreover, the additional time per event employed by the whole CMS trigger has been evalu-
ated too and it is 3 ms2, as shown in Figure 7.11a.
(a) Adding time. (b) Minimum bias.
(c) Total time.
Figure 7.11: Trigger Processing Time. Note that all times have to be renormalized by a factor
0.17.
7.5.3 Improvements
As shown in Figure 7.6, the distributions signal/background of the invariant mass between
the two VBF-tagged jets are not as separated as expected. This variable should, indeed, be
one of the variables with the maximum discriminating power between QCD background and
signal. In order to find out the reason of this unexpected behavior, the matching between
jets and partons (at generator level) is investigated. The matching between the jets and the
parton is evaluated through the variable ∆R, defined as
∆R=
p
(∆φ)2+ (∆η)2 (7.1)
and the matching between jet and parton is assumed if ∆R ≤ 0.3. Figure 7.12 shows the ∆R
distributions for the best matched b-jets (Figure 7.12a) and the best matched light jets (Figure
7.12c). Also the distributions of the worst matched jets are shown in Figure 7.12b and 7.12d.
In can be noticed that the best matched pair leads to a good matching (97.5% matching prob-
ability for the b-jet and 93.2% for the VBF jet) while the other matching combinations are
quite lousy (49.9% and 45.5%). Thus, it seems that the matching is not correct and, as a
consequence, the CSV and η-ordering used in the trigger optimization are sometimes wrong.
Chapter 7. VBF H(bb¯) Trigger 112
In Figure 7.13 the ∆R for the two most b-tagged jets are shown and the most b-tagged jet is
associated to a signal b-quark with a probability of 92.7%, while the second b-tagged jet is
characterized by a much lower efficiency (54.1%). In Figure 7.14 the efficiency of a correct
matching for the two most b-tagged jets depending on their CSV value is presented. This often
incorrect matching concerning the second b-tagged jet is an hint that the matching previously
used, the one exploiting the b-tagging algorithm, is not adequate.
The transverse momentum and the pseudorapidity distributions for the four unmatched par-
tons are shown in Figure 7.15. It can be seen that all these partons have quite low transverse
momentum.
Moreover it could be possible that the 4 pT-leading jets do not include both the b-jets (i.e.have
low CSV values) and consequently, in order to find the two b-jets of the signal, it could be
necessary to consider more jets, also with lower pT. As shown in Figure 7.16 and as expected
the three pT leading jets are well matched (with an efficiency greater than 90%). The fourth
jet is matched with a good efficiency (∼ 70%). As regards the fifth and sixth jets, they are
responsible for more than the 20%, so it could be useful to consider them too.
(a) Best ∆Rb,jet. (b) Second ∆Rb,jet.
(c) Best ∆Rq,jet. (d) Second ∆Rq,jet.
Figure 7.12: Distributions of ∆R for parton-jet matching.
1
1
1
1
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Figure 7.13: ∆R for the two most b-tagged jets out of the four pT leading.
(a) First b-tagged jet. (b) Second b-tagged jet.
Figure 7.14: Matching efficiency depending on the value of CSV for the two more b-tagged
jets.
(a) Transverse momentum. (b) Pseudorapidity.
Figure 7.15: Kinematics of the unmatched partons.
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Figure 7.16: pT index of matched jets.
7.5.4 New trigger implementation
In order to improve the HLT trigger performances and considered that the matching investiga-
tion showed inefficiencies connected to weak points in the logic used in the first trigger path,
a new HLT trigger based on an alternative algorithm has been implemented.
While in Run 1 trigger and in the first trigger developed for Run2 the b-tagging and the η al-
gorithm were both used, a new approach is now discussed. First of all only events with at least
one b-tagged jet (CSV value with Particle Flow jets greater than 0.7) out of the four pT leading
are considered and the distribution for the two greatest CSV value is shown in Figure 7.17.
The four pT leading jets should also have transverse momentum greater than 92, 76,64, 15
GeV. Next, the sample is divided in two categories: A and B. The events populating category
A are characterized by the presence of at least a jet, out of the six pT leading and excluding
the one most b-tagged, with a CSV value grater than 0.4. As it can be noted in Figure 7.17,
the optimal separation value appears to be around 0.6, but the threshold chosen is lower in
order to equalize the purity in the two categories. In category A, the qq jets are identified
as the ones with grater transverse momentum, excluding the two b-jets. The distributions
of the invariant mass and the pseudorapidity opening for the qq jets pair and the azimuthal
angle opening between the b-jets are shown in Figure 7.18. On the other hand, if there is no
additional jet with CSV > 0.4, the events are labeled as category B. In this subsample, the
qq jets are identified as the ones with the largest pseudorapidity opening out of the four pT
leading, excluding the most b-tagged jet. The second b-jet is then identified as the remaining
one. Category A is most efficient than category B since, as it can be noted in Figure 7.18 and
7.19, signal and background are better discriminate in the first category. As a consequence, in
general purity (defined as the ratio between efficiency and rate) is better for Category A, but
tighter cuts are applied on Category B, so the biggest portion of the rate is due to category A
and only a small additional rate is due to category B.
In the online trigger path sequence an initial module requires the presence of 4 Calo-jets with
transverse momentum greater than 80, 65, 50 and 15 GeV in order to reduce the CPU time
consumption for the subsequent tracking reconstruction. Among these selected Calo-jets, the
VBF-tagging jets are identified as the ones with the largest pseudorapidity opening and are
required to have ∆ηqq ≥ 1.5 and mqq ≥ 150. Before running the Particle-Flow algorithm, at
least one of the Calo-jets is required to have CSV > 0.6. Taking into account all these require-
ments and exploiting both the two categories described above, a trigger with 24.7 Hz of rate
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and a corresponding efficiency of 3.00 % is obtained.
Again, as already did for the Level 1 trigger, the same algorithms, variables and procedure
were applied to the lower luminosity scenario with PU20BX25. In this case, the resulting effi-
ciency is 21.8% with a corresponding rate of 4.29 Hz. For Path A the optimized requirements
are mqq ≥ 200,∆ηqq ≥ 1.2 and ∆Φbb¯ ≤ 3.2, while for Path B they are mqq ≥ 460,∆ηqq ≥ 4.1
and ∆Φbb¯≤ 1.6.
Figure 7.17: CSV value for the leading b-tagged Particle Flow jets (left) and for the subleading
one (right).
Figure 7.18: Pseudorapidity opening between the qq jets pair (top left), azimuthal angle open-
ing between the two b jets (top right) and invariant mass between the qq jets pair (bottom)
for the category A.
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Figure 7.19: Pseudorapidity opening between the qq jets pair (top left), azimuthal angle open-
ing between the two b jets (top right) and invariant mass between the qq jets pair (bottom)
for the category B.
7.6 Results
Next to the optimization of the trigger paths devoted to the VBF H(bb¯) analysis, a good check
is the distribution of the invariant mass between the two most b-tagged jets after all the online
selection. In Figure 7.20 this distribution is shown and it presents a signal peak around the
Higgs boson mass and a turn-on behavior for the background at mbb¯ ' 50 GeV, which assures
the possibility to reveal both the Z and H mass peaks on the QCD background also with Run
2 conditions.
Finally, the trigger paths officially presented and approved and which will be used during the
Run 2 data-taking period are listed in Table 7.8. Moreover, the exclusive pure rates of these
paths, fot the design luminosity scenario, are 0.73 kHz at Level 1 and 20 Hz and HLT.
Path L [cm2s−1] Rate Eff[%]
L1
TripleJet92_76_64 1.4E34 6.77 kHz 19.7%
TripleJet88_72_44 7E33 6.51 kHz 22.2%
HLT
HLT_QuadPFJet_DoubleBTagCSV_VBF_Mqq240_v1 1.4E34
24.7 Hz 3.00 %
HLT_QuadPFJet_SingleBTagCSV_VBF_Mqq500_v1 1.4E34
HLT_QuadPFJet_DoubleBTagCSV_VBF_Mqq200_v1 7E33
21.8 Hz 4.29 %
HLT_QuadPFJet_SingleBTagCSV_VBF_Mqq460_v1 7E33
Table 7.8: Trigger paths, both for Level 1 and for HLT and for the two luminosity scenarios,
included in Menu scheduled for the Run 2 data-taking period.
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Figure 7.20: Invariant mass of the two most b-tagged jets, after the application of the Level 1
and HLT trigger for the high luminosity scenario. A trigger turn on at mbb¯ ' 50 GeV is visible
concerning the background, while the signal shows a peak around the Higgs boson mass.
8 VBF H(bb¯) projections
In order to prepare the VBF H(bb¯) analysis for the Run 2 data-taking period an important step
is the exploration of the properties expected for the signal final state at 13 TeV. In the first
Section of this Chapter the resulting features of the expected signal topology are presented,
together with a comparison with the properties characterizing the 8 TeV signal production.
In the following Sections, projections over the expected final results are presented, concerning
both the 95% Confidence Level Upper Limits and the SM signal significances. First a brief
theoretical introduction about the used statistical methods is made and it is followed by the
expected results with 13 TeV data using different luminosity scenarios.
8.1 Signal properties
The searched signal events consist of a fully hadronic four-jet final state, with two b-jets in
the central region and a pair of light quark forward-backward tagging jets emerging from the
VBF process. Kinematic properties of the signal final state quarks studied are discussed in the
following. The Monte Carlo sample used is:
/VBF_HToBB_M-125_13TeV-powheg-pythia6_spring14dr-PU20bx25_POSTLS170_V4-v1/AODSIM.
Figures 8.1, 8.2 and 8.3 show the pT and the pseudorapidity η distributions of the four quarks
sorted by transverse momentum, pseudorapidity and flavor. The average transverse momen-
tum of the final state quarks is 〈pT〉 ' 67 GeV. Moreover, while the hardest pT quark has an
average 〈pT〉 ' 103 GeV, the fourth softest pT quark has just 〈pT〉 ' 26 GeV. The pseudorapid-
ity distributions show that the b-quarks are mostly contained in the CMS tracker acceptance
(|η|< 2.5) while the forward tagging light quarks have an average |〈η〉| ' 2.4, but are mostly
contained within CMS forward calorimeter (HF) acceptance (|η|< 5).
Mean values for the transverse momentum and the pseudorapidity obtained at 8 TeV and 13
TeV are listed in Table 8.1. It can be noticed that, with respect to the signal topology obtained
at 8 TeV, the b-tagged quarks are now more energetic, while the VBF-tagging quarks are softer.
The average value of the transverse momentum is lowered. Concerning the pseudorapidity,
the light-quarks are more forward than those observed during Run 1 as expected according to
the increasing value of the proton beam energy. Figure 8.4 shows the kinematics of the flavor
ordered four quarks final state at 8 TeV.
1
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1
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Figure 8.1: Transverse momentum pT distributions (left) and pseudorapidity distributions
(right) of the pT ordered four fermion (qqbb) final state in VBF Higgs events produced at
13 TeV, followed by a decay in a pair b-quarks, with mH = 125GeV.
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Figure 8.2: Transverse momentum pT distributions (left) and pseudorapidity distributions
(right) of the η ordered four fermion (qqbb) final state in VBF Higgs events produced at
13 TeV, followed by a decay in a pair b-quarks, with mH = 125GeV.
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Figure 8.3: Transverse momentum pT distributions (left) and pseudorapidity distributions
(right) of the flavor ordered four fermion (qqbb) final state in VBF Higgs events produced at
13 TeV, followed by a decay in a pair b-quarks, with mH = 125GeV.
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p
s [TeV] b b¯ forward q backward q
8 pT = 67.13± 39.22 GeV pT = 67.01± 39.35 GeV pT = 63.67± 46.38 GeV pT = 63.65± 46.28 GeV
13 pT = 68.55± 41.06 GeV pT = 68.82± 41.16 GeV pT = 57.19± 45.35 GeV pT = 57.03± 45.50 GeV
8 η=−0.01± 1.48 η=−0.00± 1.48 η= 2.13± 1.41 η=−2.14± 1.41
13 η= 0.00± 1.61 η=−0.00± 1.61 η= 2.39± 1.55 η=−2.38± 1.56
Table 8.1: Comparison between the 4 quarks kinematics for
p
s = 8 TeV and 13 TeV.
Figure 8.4: Kinematic (pT at the top and η at the bottom) for the four final state quarks at 8
TeV, flavor sorted.
8.2 Expected results
In Run 1, for a Higgs boson mass of 125 GeV, the resulting expected limit was 2.6 times
the predicted standard model cross section, while the observed limit was 5.5. The observed
(expected) significance was 2.2 (0.8) standard deviations, as stated in Chapter 6. Looking
forward to the Run 2 data-taking period the projection on expected signal results has been
evaluated, assuming the same shapes in the mbb¯ distribution and scaling the yields according
to the accepted cross section and to the integrated luminosity. In order to obtain these projec-
tions, the rate of all the main processes involved in the analysis have to be readapted to the
new energy and luminosity scenarios.
The evaluated cross section values used for the signal, the Drell-Yan and t¯t backgrounds are
listed in Table 8.2. On the other hand, the evaluation of the QCD background has been esti-
mated, both at trigger level and at generator level, through a preselection of four partons in
the final state using Madgraph [82] for jet production cross section at the analysis thresholds.
p
s [TeV] σVBF Hbb [pb] σDY (50)µµ [pb] σt¯t [pb]
8 1.578 1177 253
13 3.748 2008 832
Table 8.2: Cross sections of the involved processes (signal and main backgrounds) at
p
s =
8,13 TeV [107, 108, 109].
Next, the expected number of events referring to other luminosities has been obtained. All
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the approximated scale factors used are shown in Table 8.3, for each considered scenario and
process.
Process 8TeV (20fb−1) 13TeV (2.5fb−1) 13TeV (5fb−1) 13TeV (10fb−1) 13TeV (20fb−1) 13TeV (100fb−1)
Signal VBF Hbb S S
4
S
2
S 2S 10S
Background QCD Q 3
8
Q 3
4
Q 3
2
Q 3Q 15Q
Background t¯t T T
2
T 2T 4T 20T
Background Z+jets Z Z
4
Z
2
Z 2Z 10Z
Table 8.3: Number of events for signal and for the most relevant backgrounds at 13 TeV for
different luminosity values depending on the number of event at 8 TeV and 20fb−1.
8.2.1 Statistical approach
The overall statistical methodology used was developed by the ATLAS and CMS Collabora-
tions in the context of the LHC Higgs Combination Group. The description of the general
methodology can be found in [75]. Below, concise definitions of statistical quantities used for
characterizing the outcome of the search are given.
For calculations of exclusion limits, we adopt the modified frequentist criterion CLs. The
chosen test statistic q, used to determine how signal- or background-like the data are, is based
on the profile likelihood ratio, which is defined as
qµ =−2 lnL (data|µ · s(θ) + b(θ), θˆµ)L (data|µˆ · s(θ) + b(θ), θˆ) (8.1)
where s stands for the signal expected under the SM Higgs hypothesis and b stands for back-
grounds. The parameter µ is a signal strength modifier introduced to accommodate deviations
from SM Higgs predictions, µ = σ/σSM. θ represents the full suite of nuisance parameters
describing systematic uncertainties (θˆµ maximizes the likelihood in the numerator for a given
µ, while µˆ and θˆ define the point at which the likelihood reaches its global maximum).
The ratio of probabilities to observe a value of the test statistic at least as large as the one
observed in data, qobsµ , under the signal+background (s + b) and background-only (b) hy-
pothesis, is defined as
C Ls =
P(qµ ≥ qobsµ |µ · s+ b)
P(qµ ≥ qobsµ |b)
≤ α (8.2)
and it is used as the criterion for excluding the signal at the 1−α confidence level.
To quote significance, we choose a "one-sided Gaussian" convention for associating p-value
and significance Z as follows
p =
∫ ∞
Z
1p
2
e− x
2
2 dx (8.3)
All the results, which will be shown in next Section, are obtained with the default CMS tool
(see the Combine toolkit [110]) which is based on RooStat/RooFit [111] [112]. For the
1- and 2-σ bands for the upper limit calculation, the CLs frequentist calculation currently
recommended by the LHC Higgs Combination Group is employed [75].
8.2.2 Results
13 TeV with several luminosity scenario
The expected upper limit distributions, depending on the mass of Higgs boson (ranging from
115 GeV and 135 GeV) and for several luminosity values at
p
s = 13 TeV are shown in Figure
Chapter 8. VBF H(bb¯) projections 122
8.5. Expected numerical results both for Upper Limits and expected signal significances in the
presence of an Higgs boson are reported in Table 8.4.
A visual comparison between the expected significances at 13 TeV and the one obtained at 8
TeV is presented in Figure 8.6. From the Figure 8.6 it appears that, in order the get about the
same significance resulting from the end of Run 1, in Run 2 about 15 fb−1 will be needed.
With equal luminosity, the expected gain will be of about the 15%. At the end of the Run 2 the
expected luminosity collected is scheduled to be about 100 fb−1 and the projected expected
sensitivity should be slightly more than 2.
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Figure 8.5: Expected 95% confidence level limits on the signal cross section in units of the SM
expected cross section, as a function of the Higgs-boson mass, for
p
s = 13TeV and different
luminosity scenarios.
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∫ L [fb−1] 5 fb−1 10 fb−1 20 fb−1
mH [GeV]
Expected
Limit
Expected
Significance
Expected
Limit
Expected
Significance
Expected
Limit
Expected
Significance
115 3.64 0.57 2.59 0.80 1.85 1.13
120 3.83 0.55 2.71 0.77 1.93 1.08
125 4.33 0.48 3.07 0.68 2.18 0.96
130 4.77 0.44 3.39 0.62 2.41 0.87
135 6.28 0.33 4.45 0.47 3.17 0.66
Table 8.4: Expected significances and 95% limits depending on the Higgs mass for the 13TeV
and, 5, 10, 20fb−1.
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Figure 8.6: Summary of the expected significances for several luminosity scenarios at 13 TeV
(black) and comparison with the significance obtained at 8 TeV with 20 fb−1 (red).
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Combination between 8 TeV and 13 TeV
In order to really have an outlook to the expected results that we should get during the Run2
data-taking period, the obtained results at Run 1 are combined with the ones expected for
Run 2 with a total final luminosity of 100fb−1, which is the expected yield collected during
the Run. The conservative assumption that all systematics are correlated is used.
Figure 8.7 shows the expected upper limits distribution for the 8 TeV + 13 TeV combination,
while in Figure 8.8 the corresponding local p-value is shown for several Higgs boson masses.
Numerical results, both for the expected limit and for the expected significance, are shown in
Table 8.5. Table 8.6 summarizes the expected upper limits and the expected significances for
mH = 125 GeV for all the energy and luminosity scenarios considered.
The obtained results reveal that, most probably, even at the end of the Run 2 data-taking
period an evidence of the Higgs boson in this channel will not be found (the expected signif-
icance appears to be lower than 3!). Nevertheless, the VBF H(bb¯) channel will still be a very
important channel for its contribution for the search of the Higgs boson decaying in a pair of
b-quarks.
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Figure 8.7: Expected 95% confidence level limits on the signal cross section in units of the SM
expected cross section, as a function of the Higgs-boson mass, for
p
s = 13TeV and =100fb−1.
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Figure 8.8: Expected local p-values for a SM Higgs boson as a function of mH for the com-
bination of the VBF Hbb results obtained at 8 TeV and the expected ones at 13 TeV. The red
dashed lines indicates p-values for 1, 2 and 3σ levels.
mH [GeV] Expected Limit Expected Significance
115 0.43 2.64
120 0.45 2.55
125 0.51 2.25
130 0.56 2.03
135 0.74 1.54
Table 8.5: Expected significance and expected 95% limit depending on the Higgs mass for the
combined 8TeV and 13TeV scenario.
p
s[TeV](
∫ L [fb−1]) Expected Significance Expected Limit
8(20) 0.8 2.2
13(5) 0.48 4.33
13(10) 0.68 3.07
13(20) 0.96 2.17
8(20) + 13(100) 2.25 0.51
Table 8.6: Expected significance and expected 95% limit depending on the energy and lumi-
nosity scenario, for mH = 125 GeV.
9 Conclusions
In this thesis work, the search for a Standard Model (SM) Higgs boson produced in vector
boson fusion and decaying to bottom quarks with the CMS experiment has been presented.
The data-analysis has been performed using 19.8 fb−1 of proton-proton collisions at ps = 8
TeV, corresponding to the data collected during the 2012 running period (including 18.6 fb−1
data from parked trigger paths). Furthermore, in vue of the Run 1 data-taking at 13 TeV the
trigger paths have been reoptimized and deployed for Run 2 at 13 TeV using simulated events.
For a SM Higgs boson with mH = 125 GeV the VBF production followed by a decay into bb¯
pairs is a relatively abundant LHC production channel. However, because of the huge QCD
background, this analysis is particularly challenging. Signal measurements in this channel
allow to access both the strength of the VBF Higgs boson production and its coupling to b-
quarks, in particular the coupling of the Higgs boson to down-type quarks that is not yet well
established.
The VBF H(bb¯) channel has a very peculiar signal topology: a fully hadronic four-jet final
state with two b-jets roughly in the central region and a pair of light quark forward-backward
tagging jets emerging from the VBF process. A crucial and critical element to perform this
analysis is the presence of signal dedicated trigger paths. The offline IEEEsearch is initially
based on the selection of four-jet events through the response of a multivariate Boosted Deci-
sion Tree (BDT) trained to separate signal events from QCD background ones, without making
use of kinematic information of the two b-jet candidates. Seven event categories based on the
output of the BDT are defined and the invariant mass distribution of two b-jets is analyzed in
each category, searching for a signal peak on top of the smoother QCD background shape. The
results are expressed in terms of the signal strength relative to the SM expected cross-section
µ= σ/σSM. Observed and expected upper limits, computed with the Asymptotic CLs method,
range from 5.0 at mH= 115 GeV to 5.8 at mH = 135 GeV and from 2.2 to 3.7, respectively.
For a 125 GeV Higgs-boson signal the observed significance is 2.2 (0.8) standard deviations
and the expected one is 0.8. The fitted signal strength is µ = 2.8+1.6−1.4 for a Higgs boson with
mass 125 GeV.
The results obtained with the VBF channel have been combined with the other CMS Higgs to
b-quarks searches in the VH and ttH associated production modes. The combined fit yields
a fitted signal strength of 1.0 ± 0.4 with 2.6 standard deviations of signal significance at
mH = 125 GeV, when 2.7 standard deviations are expected. The resulting observed(expected)
upper limit is 1.8(0.8). The weight of the VBF channel in the combination is about ∼ 12%.
The first part of the work performed in this thesis focused on an important tool exploited in
the VBF H(bb¯), which is the so-called b-jet energy regression. The main ingredient of the VBF
H(bb¯) search is, indeed, the invariant mass of the two b-jets and this tool provides a correc-
tive factor for each b-jet, resulting in an improvement of the invariant mass resolution. An
important check is the validation of the regression, which has been performed in Z(→ µµ,ee)
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+ 1 (2) b-jets events. It essentially consists on verifying the resolution improvement and data
to Monte Carlo agreement after the application of the regression.
Data from dimuon and dielectron trigger paths have been analyzed. Events have been selected
offline requiring a back-to-back topology between leptons and jets and vetoing radiation of
additional jets. The invariant mass of the two leptons is required to be consistent with the Z
boson mass and the jet(s) is required to be b-tagged.
All input variables used by the regression are also validated and a good agreement between
data and Monte Carlo is found. The pT-balance distribution has then been analyzed with a
Gaussian fit and the resolution improvement coming from the jet pT regression technique has
been evaluated.
In both cases, when a single b-jet or two b-jets recoil against the Z boson, an overall improve-
ment in the resolution of 10/15% is found, as well as a good agreement between data and
Monte Carlo.
Next, this thesis work focused on the preliminary preparation of the analysis for the Run 2
data-taking period at 13 TeV. The first ingredient for an analysis is the trigger and, since the
VBF H(bb¯) channel has a fully hadronic final state and suffers the overwhelming QCD back-
ground, dedicated trigger paths (both at the "hardware" Level 1 than at the "software" High
Level) have to be specifically designed. Indeed, in order to maximize the yield of selected
interesting events with a fixed background bandwidth, L1 seeds and HLT paths have been
optimized after the evaluation of the most convenient variables to apply and after the applica-
tion of several algorithms determining the most efficient thresholds to use. These procedures
have been performed for several luminosity scenarios, in order to take advantage of all the
Run 2 data-taking period. For the highest luminosity scenario, the obtained L1 seed provides
an efficiency of 19.7% using a background bandwidth of 6.77 kHz while at HLT level an ef-
ficiency of 3.00% with a corresponding rate of 24.7 Hz have been found. The exclusive pure
rates of these paths are 0.73 kHz at Level 1 and 20 Hz and HLT. The gain coming from the
implementation of the new VBF-tagging jet sorting algorithms implemented within this thesis
work with respect to the ones used in the Run 1 analysis is more than the 20%.
Several trigger paths described in this thesis have been approved and have been adopted for
the Run 2 data-taking period Menu.
Looking forward to the LHC Run 2, the properties of the four-jet VBF H(bb¯) final state have
been studied through Monte Carlo simulation. A comparison between the signal kinematics
at 8 TeV and the ones expected at 13 TeV has been presented and it reveals that b-jets have
slightly larger pT, while VBF-jets have lower pT but are more separated in pseudorapidity. The
transverse momentum distributions of each quark are very similar regardless of the quark fla-
vor, with an average 〈pT〉 ' 67 GeV and while the hardest pT quark has an average 〈pT〉 ' 103
GeV, the fourth softest pT quark has just 〈pT〉 ' 26 GeV. Moreover, the b-quarks are mostly con-
tained in the CMS tracker acceptance (|η|< 2.5) while the forward tagging light quarks have
an average |〈η〉| ' 2.4, and are mostly contained within CMS forward calorimeter acceptance
(|η|< 5).
Finally, looking forward to the Run 2 data-taking period, projections of the possible sensitivity
of the VBF H(bb¯) analysis for several integrated luminosity scenarios have been evaluated,
assuming the same shapes in the mbb¯ distribution and scaling signal and background yields
according to the expected Run 2 rates. It appears that with about 15fb−1 at 13 TeV the same
sensitivity reached at the end of Run 1 should be achieved. Combining then the expected
results at 13 TeV with 100 fb−1 and the results obtained at the end of the Run 1, the analysis
should achieve an expected 95% confidence level upper limits of 0.51 and an expected signif-
icance of 2.25.
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The restart of the LHC machine is scheduled to be very soon. Within the begin of the Run 2 all
the analysis performed at CMS will benefit from the higher number of events collected and,
indeed, also the VBF H(bb¯) analysis will be re-optimized and deployed again.
Since together with the signal cross-section also the QCD background will grow, the signal over
background ratio won’t increase but the expected higher integrated luminosity will probably
result in improved final results. As shown in Chapter 8 the same sensitivity reached with the
Run 1 data should be achieved again with about 15fb−1 of the Run 2 data and considering
that at the of the Run 2 the expected yield of events collected will be about 100fb−1 and that
the analysis resulted to be background statistically dominated, further improvements in the
analysis are envisaged.
The analysis is being already prepared for the Run 2 data-taking period, as shown in Part 3.
Now, we just have to wait for the real data to be collected and in the meantime additional
work and further improvements using simulated events may be performed.
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